TECHNION  -  ISRAEL  INST  Of  TECH  HAIFA  DEPT  OF  MATERIA— ETC  P/S  11/6 
THE  EFFECT  OF  HI6H  PRESSURE  ON  PHASE  RELATIONSHIPS  AND  SOME  PRO— ETC<U) 
MAY  81  A  RABINKIN*  E  6UTMANAS  DA-eRO-78-6-112 


UNCLASSIFIED 


Grant  DAER0-78-0-L 1 2  ’ 

THE  EFFECT  OF  HIGH  PRESSURE  ON  PHASE  RELATIONSHIPS 
AND  SOME  PROPERTES  OF  Ti  AND  ITS  ALLOYS 

By  A.  Rablnkin  and  E.  GuC:nanaH 
May  1981 

Final  Technical  Report  prepared  for 

EUROPEAN  RESEARCH  OFFICE,  UNITED  STATES  ARlTi’ 

223  Old  Marylebone  Road 
London  NWl  5TH,  Eng i a ad 


REPORT  DOCUMENTATION  PAGE 


1 1 .  Repot  t  Number 
;  Final  Technical  Report 


>- J-f*  ^  Title  (and  Subtitle) 


Govt  Acess- 


Aii)-  A IQ  ^  ^4 


/•  T 


REAC  INSTRUCTIONS  BEFORE 

COMPLETING  FORM 


3.  Recipient's  Catalog  Number 

f  _ 


The  Effect  of  High  Pressure  on  Phase  Relation-  , 
ships  and  some  Properties  of  Ti  and  ^ts  alloys.  | 


rfT  Author (s) 

Principal  Investigator: 


Investigator 


'  A  /Rabinkin 
Prof. I  E.  'Gutmanas 


L- 


j9.  Performing  Organization  Name  and  Address 

Department  of  Materials  Engineering 
Techn lon-israel  Institute  of  Technology 


111.  CGitrolllng  Office  Name  and  Address 
I  European  Research  Office,  US  Army 

j  223  Old  Marylebone  Road 

London  NWl ,  5th,  England _ 


’18. 


r 


b 


!14.  Monitoring  Agency  Name  and  Address 
US  Array  Procurement  Agency 
Europe,  ATTN; AEUPC-PCA 
163  Eschersheimer  Landstrasse 
6000  Frankfurt  Main,  .W 


8.  Type  of  Report  &  Period 
‘  9inal*^ technical  Report 

"iilTirT  ’iiiiimT"!  . 

6,  Performing  Org.  Report"^. 


8  Contract  or  Grant  Number 
D/^RO-78-G-112 


10. 


Program  Element,  Project, 
Task  Area  &  Work  Unit.  Nod 


12,  Report  Da 


JMay 


►81  / 


13.  Number  of  Pages 


82 


Germany 


Unclassif led 


16,  6r  17,  Distribution  Stateiient 

Approved  for  public  release;  distribution  unlimited 


Supplementary  Notes:  The  work  presented  in  this  Report  is  the  subject 
of  four  published  papers  and  an  additional  paper  is  in  preparation.  Two 
additional  papers  related  to  this  research  (Appendix  1  and  2)  were  published. 


19  Key  Words 


Ti  alloys,  high  pressure,  phase  transformations 


20  absc cart 

'Ir,  Is  report  summarizes  a  research  on  phase  transformations  induced  by  the 
application  of  high  pressure  in  Ti,  Ti-Mo  and  Tl-V  alloys.  The  relationship 
of  microstructure,  studied  by  TEH  and  quantitative  X-ray  diffraction  analysis 
wirii  mechanical  properties  and  superconductive  properties  was  found. 

Tlie  glfect  of  alloying  and  pressurizing  on  phase  stability  correlates  with 
changes  In  basic  physical  properties  of  phases. 
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Abstract 


Changes  In  crystal  structure  induced  by  the  application  of  high 
pressure  up  to  9.2  GPa  (92  kbar)  at  300  K  were  studied  in  metastable  Ti-Mo 
and  Ti-V  alloys  in  wide ^ concentration  range  by  transmission  electron  micro¬ 
scopy  and  were  correlated  with  the  results  of  quantitative  X-ray  diffraction 
analysis.  The  high  pressure  treatment  causes  formation  of  new  various 
structures.  The  amount  of  u.'  phase  that  remains  after  the  pressure  is 
released  is  significantly  larger  than  that  which  is  obtained  after  quenching. 

As  a  result  of  that  substantial  changes  in  mechanical  properties  of  the 
alloys  cakes  place. 

AnoipAV'us  Increasing  of  the  critical  temperature  to  superconductivity  T^ 
was  observed  in  Tl-Mo  alloys  under  pressure.  An  attempt  is  made  to  correlate 
the  effects  of  alloying  and  pressurizing  on  phase  stability  with  changes  in 
basic  physical  properties  of  phases. 
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! -  Introduction 

It  Is  well  known  that  the  structure  and  properties  of  solids  can  be 
f  ont  rolled  by  changing  their  composition  and  by  thermodynamic  parameters  such 
as  temperature^  pressure  (volume)  and  electromagnetic  fields.  At  present, 
much  data  is  available  on  the  influences  of  composition  and  of  temperature 
on  the  structure  and  properties  of  materials;  but  due  to  the  many  technical 
dit r icul t ies  involved,  a  pressure  parameter  has  not  yet  been  adopted  widely 
fo(  r!ie  purpose  of  influencing  structure  and  properties. 

Among  many  metallic  materials  Ti  and  Ti  alloys  have  an  increasing 
!  i.i'is t r lal  significance  as  constructional  and  superconductive  materials.  These 
r.  .t.erials  exist  basically  in  the  following  crystal  structures:  6-(b.c.c.), 
j-h  ;.p.,  oi'-h.c.p.  martensite  and  oj-hexagonal .  It  has  been  reported  that 
under  lilgh  static  [1-6]  and  shoc.k  pressure  [7-10]  a*u)  and  S’lu  transformations 
cf.cur  Tii€  presence  of  the  o)  phase  results  in  a  substantial  increase  of 
Vouig's  modulus,  tensile  strength  and  hardness  [11-13]  but  it  is  also  accompanied 
L)>  I  .-ns  loeraole  l.r  1 1 1  leness .  When  Tl-alloys  are  used  as  superconductors,  the 

.n.  e  of  tho  pliase  during  heat  treatment  results  in  a  remarkable 
ent  I  .  cm'r'nt  ot  tl\e  current  capacl'’y  [14-19]  that  provides  wide  possibilities  of 
upp'i  uiion  In  modern  tcchnolcgy  The  mechanisms  ol  3-’io  and  especially  a-na 
f  ran.sT t 'laL  1  ^ns  .,re  no:  completely  unders  tc-od .  The  effect  of  high  pressure  on 
phase  tquliibrla  an.l  pi-oporties  ol  Ti(Zr)  i:id  its  alloys  is  still  not 
sufli:  lentiy  investigated.  for  many  years  only  two  papers  on  high  pressure 
indiKod  pliase  transformation  fn  11-alloys  are  known  :  one  Is  concerning  the 
TT-Nl -alloys  [20]  and  the  other  concerning  the  Ti-Mo-alioys  behaviour  after 
shock  Loading  [9]. 

The  appearance  of  oJ  phase  In  certain  li  alloys  is  possible  since  in 
these  materials  the  thermodynamic  characteristics  of  a,  a’,  3  and  u.  are  very 
similar-  Under  favourable  conditions  the  exl.stence  of  the  u)  phase,  at 
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atmospheric  pressure,  may  be  energeticaLly  more  advantageous  that  either 
the  a(oi')  or  8  phases.  Such  conditions  may  be  created  by  changing  the  con¬ 
centration,  pressure  (stress  field)  and  temperature.  The  structures  of 
Tl-alloys  are  highly  sensitive  tc  any  changes  in  the  above  parameters,  which 
affect  strongly  their  properties. 

It  is  a  well  accepted  idea  that  there  is  a  certain  analogy  between  the 
tnrluence  of  the  basic  properties  of  the  alloying  elements  (atomic  radii  and 
cl'.arge,  position  in  Periodic  Chart,  etc.)  and  that  of  high  pressure. 

This  study  tried  to  solve  a  few  mutually  related  problems.  First,  to 
evtabllsh  the  kind  of  structural  changes  induced  by  the  high  pressure  soaklpg 
in  b  (bcc)  itjcmorphcus  Ti-based  alloys  with  different  initial  crystal  structures. 
Second,  to  compare  the  Influence  of  both  high  pressure  and  alloying  on  the 
stability  of  various  metastable  phases  and  mechanical  properties  of  alloys  in 
various  structural  states.  Third,  to  try  to  explain  the  observed  regularity 
between  the  applied  pressure  and  alloying  using  the  detailed  data  of  the 
physical  properties:  Debye  temperature,  6^^,  Fermi  density  of  states  n(Ep) , 
elasrlc  constants  etc.  The  Tl-V  and  Tl-Mo  systems  were  chosen  for  the  following 
1 easons : 

a;  In  bocb  systems  a  sequence  of  metastable  phases  easily  appears  upon  quench¬ 
ing  from  the  6(bcc)  field,  and  the  appearance  of  any  particular  structure  depends 
on  the  Mo  or  V  content.  The  8  isomorphous  metastable  phase  diagram  can  be 
subdivided  into  three  regions  according  to  the  diflerent  phases  which  can  occur. 
In  the  first  region  8(bc.c)  can  transform  to  a  martensitic  (a'-hcp  or 
ci"-ort horhombic) .  In  the  second  region  8  can  partially  decompose  to  the  omega 
phase  with  an  hexagonal  structure.  The  B  is  retained  on  cooling  to  room 
temperature  in  a  region  with  a  higher  solute  content  (Mo>15  at.%  and  V>20  at.%). 
At  the  boundary  between  the  first  and  the  second  region,  in  a  narrow  range  of 
solute  (V  and  Mo)  concentration,  a  sequence  of  all  these  metastable  phases 
a '(or  a")  +  w  (hexagonal)  can  appear. 
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b)  Vanadium  and  molybdenum  represent  opposite  examples  of  solute  elements.  In 
Che  Periodic  Table  of  elements  vanadium  is  next  to  titanium  :  therefore  the 
"rigid  band"  model  of  electronic  structure  can  be  successfully  applied  in 

Ti-V  alloys.  Molybdenum  is  located  far  away  from  Ti  in  the  Periodic  Table 
and  che  "rigid  band"  model  is  not  applicable  in  this  case. 

c)  The  atomic  radii  of  the  solute  elements  (Mo  and  V)  are  smaller,  therefore 
their  valency  electron  concentrations  are  bigger  than  that  of  Ti.  Alloying  of 
Ti  with  Mo  or  V  could  be  regarded  analogous  to  the  application  of  high  pressure, 
since  both  of  them  will  diminish  the  mean  atomic  volume  and  increase  the 
valence  electron  concentration  n^.  However,  there  is  an  important  difference 

in  tne  atomic  radius  (r  ) ,  the  number  of  valency  electrons  (n  )  and  atomic 

a  L  6 

Weight  (Al  of  those  elements: 


Mo  ,  ,  V  c  ,  Ti  , ,  Mo  1  -50  f  u  ..  V  T  -  Ti  , 

n  =6  but  n  =5  (n  =^) ,  r  „  =1.39  A  but  r  „  =1.34  A  (r  ^  =1.47), 

e  e  e  '  ’  at  at  at  ’ 

a'^--50.92,  A^°=95.94  (A^^=47.90).  Thus  the  response  of  Ti-Mo  and  Ti-V  systems 

to  high  pressure  should  be  different. 

In  the  ^pendix,  the  data  on  anomalous  behaviour  of  critical  temperature 
to  superconductivity  under  pressure  in  Tl-Mo  alloys  will  be  reported.  This 
d.ura  is  very  rough  and  only  qualitative  analysis  will  be  done  taking  into  account 
the  results  on  structural  changes  obtained  in  previous  parts  of  the.  present 
work. 


2 •  Calculations  of  the  metastable  diffusionless  equilibria  in  Tl-Mo  and  Ti-V 
systems  under  high  pressure  conditions  [21]. 

This  section  presents  the  results  on  the  construction  of  the  metastable 
1 

dlf f usionless  equilibria  diagrams  in  the  Ti-Mo  and  Tl-V  systems.  The  regular 
solution  using  a  thermodynamic  approach  developed  by  L.  Kaufman  will  be  used 
[12,23].  For  regular  solutions  the  equations  for  calculating  the  driving 


force  take  the  form: 
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^  AV^"J[T.P,x] 


(1) 


where  Af '^[P,T,x]  in  (cal/g-atom)  is  the  diiference  in  free  energy  between 
phase  i  and  j  and  AF^  '^[T,x]  is  given  by: 

=  a-x)  AF^.^J[T]  +  xApj^'^d]  +  AF^^^ 


(2) 


where  tlie  If.  concentration  in  the  solid  solution  is  (1-x),  the  solute  (Me)  con- 

1  i 

tent  rat  ion  is  x  and  AF^^  -  F^  is  the  difference  in  the  free  energy  of 

:pixirg  between  the  1  and  j  phases.  The  designation  i-'j  can  represent  transitions 
bi^’'.v(en  all  the  metastablc  pnases  (u,  fi,  and  u})  which  occur  in  Ti-V  and  Ti-Mo 

^  '  S  I  ■-  - 

I'j  .  'a-i'Utc  the  d  i  f  t  us loni ess  metasr.sble  phase  diagrams  for  these  systems 
unci-  ■  itoi'ur  :r  /  i:.nthei  mal  mndi  r  ions ,  the  free  energie.s  of  all  the  metastable 
p-  oes  ciil-'b  exist  in  both  svstems  must  he  defined. 

n  tlic  regular  S'^lut  ion  nif'del  the  excess  free  energy  of  mixing  of  the 
diiierenr  ntiases  given  ty  (2H)  : 

0 

(3) 
(M 
(5) 

In  the  I  dse  at  '.land  an  approximation  is  made  by  setting: 

“  x(L-x)A  (6) 

Kj.  ••  x(l-x)B  (7) 

=  >:a-x)w  (8) 


!  ,.  -  1  A^x  +  — ) 

r  Old 


M  -x/  t-  H  B^x  •+  --) 


, !  I r  +  W^x  t  --i 


where  the  Interaction  paTaraeitrs  A,  1>  -nU  W  are  all  temperatui e  Independent. 

The  interai.tlon  parameters  in  tlie  B  and  a  pliases  were  estimated  by 
Kaufman  [22]  for  Ti-Mo  and  Ti-V  systems  using  the  enthalpies  of  vaporization,  the 
molar  volume  and  the  group  numbers  of  the  components.  Ihe  values  of  the  inter¬ 
s''  t  ion  parameters  A  and  B  for  the  two  systems  ate: 
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A  (cal /mole) 


n-Mo 

Ti-V 


3671 

2659 


B  (cal/mole) 

1241 

2659 


Unf  01  tunac-e  1  y ,  the  value  ol  the.  interaction  parameter  W  for  the  uj  phase  is  not 


K  nown . 


By  equilibration  of  partial  free  energies  [23]  the  interaction  parameters  A 


ana  R  can  be  calculated  using  the  relations 

n -P  0  2 

cF';/  +  RT  In  q - 2.  =  x“A  -  x,B 

Ti  1-x  a  li 

a 


(9) 


a  ‘i  6  2  2 

,\F,;  +  R'l  In  — )  A  -  (l-x.)’B 

M'-i  X  R 

a 


(10) 


where  and  are  the  atomic  tractions  of  solute  Me  at  the  boundaries  at  a  given 

temDurature.  lo  detine  the  dependence  of  A  and  B  as  a  function  of  temperature  it 

is  necessary  to  know  the  dependence  of  and  as  a  function  of  temperature.  In 

rl'ie  case  of  Ti-Mo  and  Ti-V  svstem  the  value  of  x  and  x„  are  not  known  very 

Op 

af'.urarely  below  the  873'C,  Moreover  the  coefficient  of  A  in  eq.(9)  is  small  for 
h.-'Lii  systems  and  mis  can  lead  to  a  large  error  in  solving  the  equations  for  thos 

pi  I  it.e  t  ei  s 

Ihe  free  energy  changes  a,  i  ompany  ing  the  A-'P,  if  ♦o'  and  tme  transformations 
in  the  pure  elements  fTl,V,Mcl  ate  given  as  [22] r 


C  *t 

'  1- 

i'l 

-  1050  -  0-9>  r 

(ID 

=  690  -  0.99  T 

(12) 

*1 

-  -3b0  -  0.08  T 

(13) 

a  L'' 

‘  ''Mo 

-  -2000  cal/mole 

(14) 

AF,;'  = 

1500  r  0  8  T 

(15) 

H 
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The  value  of  AF, 


or  AF. 


‘Mo  '"‘Mo  “‘V 

experimentally  or  calculated  to  date.  By  using  equations  (1)  and  (2)  in 

combination  with  the  known  value  ol  the  dliferences  in  the  free  energy  for  the 

pure  elements  between  phases  of  interest  it  is  possible  to  compute  the 


or  AF, 


have  not  been  estimated 


Pq-x  and  Tq~x  diagrams  under  isothermal  and  isobar ic  conditions. 


Analysis  of  the  ra.d.e.  diagrams  (metastable  diffusionless  equilibria  diagrams) 

■an  bo  performed  bv  noting  that  the  V  -x  and  P  -x  lines  do  not  show  the  actual 

o  o 

Xri'.ue  of  rue  temperature  or  pressure  at  which  t’he  given  alloy  undergoes  trans- 
i  '.-Motions .  These  curves  corre'jpoad  to  AF'*‘  ^  -  0.  As  an  approximation  and/or 
;■  is  taxen  to  be  the  average,  between  the  forward  and  reverse  transformations. 

O  1 

;..ejeiorfc.,  experimer.taJ  ly  Tq  is  usually  estimated  as 
-  1/2  I-  and  P^  =  1/2 

In  the  Ti-Mo  system  the  free  energy  equations  have  the  form: 


=  (l-xl  (-1050-i-0.9ir)  +  2000  X  +  x(l-x)  [A-3]  +  23. 9P  AV"'**  (16) 

(-690+0,99!)  +  +  x(l-x)  [W-B]  +  23. 9P  AV‘"*'"'  (17) 

■.  ‘ -  (l-.x'l  OhOi-O.OST)  +  -  x(l-x)lW-A)  +  23.91  (.18) 

Mo 

S  c, I  1 '  i.L  1  .  n  Cl  I  lit;  inte’'action  parameters  A  and  B  estimated  lyv  kautman  into 

in  It  T/j  '  -  '*00K  vields  n  value  of  .x  -  0.16  fci.  the  ucoml.  frUc.tion  of  Mo 

.’■ere  -  0  A.1  rern.rtiveli  one  can  u£  e  eqs.  9  end  10  to  rec  ale  uiai  e  A  and  B 

r  thir.u  into  ai  count  tiiat  for  the  Ti-Mu  svstem  x,^  and  X|j  are  well  known  [29]  at 

i  -  3  K  -  0  003  and  x,,^  =  0..11).  This  yields  the  interaction  parameter 

u,.,  icc'S  ■'  =  7500  t.al/g.  atom  and  B  =  3100  cal./g.  atsir.'.  whir  h  are  more  positive 

il.tiii  '  liose  prevtously  estirascea  ■2,'’].  Substitution  o!  these  vc.jues  in  eq ,  16 

Ol  T|^  =  300K  yields  x  =  0.11  w'liich  is  a  mere  acceptable  value  i  or  tlie  f 

■s-  X  curve  and  in  better  accordance^  with  M^  experimental  data  [25],  These 

i3  ^o. 

parameters  fix  the  form  of  AF  ['f,xl  at  atmosplierir  pressure  as, 
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AF'' "'■‘[T.x]  =  (1-x)  [-1050+0.911]  +  2000x  +  x(l-x)  [  7500-3100]  (19) 

or  loi  Low  concentration  i.e,  where  x(1-x)-*t{; 

:F"’'^fT,x]  =  (1-x) (-1050+0, 91T)  +  6400x  cal/g.atom  (20) 

At  atraospherio  pressure  the  free  energy  difference  equations  for  the  ) 'cj 
transition  is  given  by: 

r.x]  =  (1-x)  (-690+0. 99T)  +  x  +  [W-B]  x  (1-x) 

at  low  solute  levels  x(l-x)-n{  yielding: 

■  -  ’"'■'iT.x  j  =  (1-x)  (-690+0. 99T)  +  x[AF^^+W-B]  (21) 

oin.e  the  one  atmospltere ,  T„  =  300K,  upper  limit  for  S+jJ  transition  occurs  at 

S+o 

;':  =  16-L7  ;■  t 'i  Mo  (13,  i4)  then  setting  the  driving  force  AF'“  [T,x]  =  0  under  these 
oriuitrons  \  it  Ids 

+  [W-F]  =  2000  cal/g.atom  (22) 

F'lti.i  tins  assumption 

-'.'F'-'*'"(t,x]  =  (1-x)  [-690+0. 99T]  +  2000x  cal/g.atom  (23) 

i’u-  cirivjtig  t  .•'rce  for  transition  can  be  directly  obtained  by  subtract  ing 

e <i .  (  2 )  f  r ot.)  (23)  yielding 

Af''  "  i  1 ,  x  ]  -  (1 -x)  (360+0 . 081)  -  icOOX  cal/g.atcm  (24) 

equal  '  ons  (20),  (23)  and  (24)  whirl)  describe  the  one  atmospliore  relative  stabilitv 
c't  A,  2  and  u  phases  tor  dl  riusiotiless  transformations  can  be  used  to  compute 
•lit  If -X  diagram  at  atmospheric  pressure.  This  Tq-x  diagram  for  tlie  Ti-Mo  svstem 
IS  snot.m  in  Fig.i.  The  dashed  region  in  this  diagram  repre.scnts  the  region  of 
the  metastable  c  phase. 

In  order  to  calculate  the  F^^-x  netastable  diagram  T^  =  300K  the  vahies 
of  .AV  '  (P,x)  the  difference  In  tlie  molar  volume  between  a,?  or  r  phase  pairs 
as  a  tunction  of  pressure  and  solute  concentration  must  be  known.  The  dependence 
of  V  ,  V  ,  as  a  function  of  the  applied  pressure  was  not  measured  experimental Lv 
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AF^’^(T,k]  =  (1-x) [-1050+0.911]  +  2000x  +  x(l-x) [7500-3100]  (19) 

or  for  low  concentration  l.e.  where  x(l-x)-+x 

:  F'"  ’^[T,x]  =  (1-x)  (-1050+0,911)  +  6400X  cal/g.atom  (20) 

At  atmospheric  pressure  the  free  energy  difference  equations  for  the  3+c 
transition  is  given  by: 

-iF‘^'*'^'[T,x]  =  (1-x)  (-690+0. 99T)  +  x  +  [W-B]  x  (1-x) 

Mo 

at  low  solute  levels  x(l-x)-o:  yielding: 

.  '•''  ''-[T.x]  =  (1-x)  (-690+0. 99T)  +  x[AF®^'+W-B]  (21) 

oince  the  one  atmosphere,  =  30'JK,  upper  limit  for  6-Ho  transition  occurs  at 
;<  =  16-17  :-t%  Mo  (13,14)  then  setting  the  driving  force  AF'"  [T,x]  =  0  under  these 
•onditicns  yields 

+  [W-B  I  =  2000  cal/g.atom  (22) 

With  this  assumption 

AF"'^‘'[T,x]  =  (1-x)  [-690+0.991]  +  2000x  cal/g.atom  (23) 

The  driving  t  ?rce  for  +-+.!  transition  can  be  directly  obtained  by  subtract.ing 
eq.  (2)  from  (23)  yielding 

Al  ’'^"‘’l  T,x]  -  (i-x)  (360+0. 08T)  -  4400X  cal/g.atom  (24) 

Zqaai^ons  (20),  (23)  and  (24)  which  describe  the  one  atmosphere  relative  stability 
ot  a,  3  and  !j,  phases  for  dl  ffuslonl  ess  transformations  can  be  used  to  compute 
rhc  diagram  at  atmospheric  pressure.  This  T^-x  diagram  for  the  Ti-Mo  system 

is  shown  in  Flg.l.  The  dashed  region  in  this  diagram  represents  the  region  of 
the  metastable  w  phase. 

in  order  to  calculate  the  metastable  diagram  T^  =  300K  the  values 

of  AV^  ■^(P,x)  the  difference  in  the  molar  volume  between  a,P  or  u  phase  pairs 
as  a  function  of  pressure  and  solute  concentration  must  be  known.  The  dependence 
of  ,  V^,  V'^  as  a  function  of  the  applied  pressure  was  not  measured  experimentally 
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but  can  De  estimated  using  the  elastic  moduli  data  for  Ti-Mo  and  Ti-V  alloys 
provided  by  Fedotov  [14,26,27],  Ihe  elastic  modulus  of  "pure"  w  phase  was  estimated 
by  Bowen  from  strain-deformation  relationship  measurements  [27].  The  dependence 
of  volume  of  pure  a-fi  on  applied  pressure  was  given  by  lisher  et  al .  [28]  with 
use  of  the  Murnagham's  equation  for  a-Ti  which  is  as  follows: 


=  [1+0.0040923  P] 

v'^io] 

wbicli  can  also  be  expressed  in  P  power  series  as: 
v'^lP]  =  v'^iO]  [1-0.93  IQ-^P  +  2.51  10“^P^] 


(25) 


(26) 


.a. 


fhe.'t  V  [0]  is  the  volume  ot  hep  I’i  at  300K  and  one  atmosphere.  The  compressibility 

-3 

obtained  from  eq,  (26)  is  equal  to  0.93  x  10  .  This  compares  well  with  the 

-3 

1  ■■i.apresbibi  1  ity  of  1.03  x  10  calculated  from  the  relations  between  bulk  modulus, 
!.hc;  elastic  modulus  and  the  Poisson  ratio. 


The  dependence  of  V  on  pressure  is  estimated  to  be: 
=•  1 0)[  1-0.69  L0"^P  +  6.52  10"^P^] 


(27) 


wi,.’rc  \  '[0]  is  the  volume  ot  the  pure  titanium  at  300K  and  one  atmosphere.  This 
tquit.ton  was  developed  by  using  experimental  data  [29]  for  ...  tirconium  The 
;  I c '  atiu  and  experimental  pressure  dependences  of  V'  ,  and  are  sliown  in 


Since  ,vy ^  ^  fi  t  titanium  is  a  moderate  function  of  pressure  the  main 
Cl 

charge  iu  iiV  on  alloying  is  due  to  concentration,  Tiie  experimental  values  oi 
tiie  molar  volume  of  the  different  phases  ri,  0,  or  uj  which  e.xist  in  the  Ti-V 
aaJ  Tl-i.1o  systems  taken  f rom  d if f erent  source.s  including  pre.sent  research  data 


IS  given  In  Fig. 3 . 


For  the  Ti-Mo  system: 


V'^'fx]  =  V‘^[G]  (l-0.152x)  tm^/g.at.  (28) 

V'^[x]  =  V^'[01  (l-0.l80x)  (29) 

V^'^lxJ  =  V'^IO]  (L-0  302x)  (30) 

For  the  Ti-V  system: 

V'^fxj  =  ('‘^'(0}  (l-0.141x);  v'^fO}  =  10.47  (31) 

V^'[x]  =  V®[0]  (l-0.157x);  V^LO]  =  10.60  (32) 

v'-^tx]  =  v‘^[0j  (l-0.214x);  =  10.66  (33) 


under  these  conditions  the  dependence  of  AV^  for  a, 3  and  u)  phases  can  be 
^al.-ulated  as  a  function  of  the  solute  content.  Finally,  the  relative  stability 
01  the  metastable  a,  3  and  u  phases  in  Ti-Mo  system  at  T  =  300K  is  given  by 
equations  (30-36). 

-,F-''*^'il=300K,r,x]  =  (1-x)(-7  77)  +  6400x  +  23. 9P  AV®"^(x,P]  (34) 

4F“‘'"''"(T=300K,^%xl  -  (i-x)(-393)  +  2000x  +  23. 9P  (35) 

Ar'^‘^'[r--=300K,F,x|  =  (l-x)(  384)  -  4400x  t  23.,9P  AV°‘'^fx,P)  (36) 

ivnich  are  derived  by  substitution  of  equations  20,  23.  24  and  28-33  into  equation  J. 
Ine  computed  lg“X  meta.stable  diffusionless  phase  diagram  ba.sed  on  equations  (34) 
ind  *36)  IS  presented  in  Fi;>,4  together  with  tlie  cxperirriental  data  on  different 
phases  observed  under  pressure  in  Ti-Mo  system 

T!:p  same  regular  solution  approach  can  I.e  used  to  calculate  AF^  ^  equations 
!  or  1  i-\'  alloys. 

The  free  energy  difference  for  3+0!  transition  is  given  generally  In  Ti-V 
system  at  atmospheric  pres.sure  by: 

TTjX]  =  ( I-x)  ^iF^^  +  xAF^  +  x(l-x)  (.V-B)  cnl/g.  atom.  (37) 

or  introducing  the  value  of  AF^j'^  and  AF^*^  : 

AF^*^  1^x1  =  (1-x)  (-1050  +  0.9LT)  +  x  (1500  +  ().8T)  +  (1-x)  (A-B)  cal/g.  atm.  (38) 


J 


Using  the  Kaufman  calculated  mixing  energy  parameters  A  and  B  for  Ti-V  in 
equation  (38)  one  obtains  AF^  [T,x]  =  0  at  x  =  31  at.%  V  at  300K.  But,  as 
follows  from  Che  experimental  data  in  (30),  unfortunately  these  parameters 
cannot  describe  properly  the  low  temperature  region  of  f-x  phase  diagrams  in 
Ti-V  systems.  Namely,  the  use  of  Kaufman  mixing  energy  parameters  A  and  B, 
independent  of  temperature,  do  not  agree  with  experimental  data  in  the 
concentration  region  where  tc  phase  exists  upon  quenching.  (For  the  Ti-Mo 
system  the  simplification  in  A  and  B  temperature  independence  has  no  substantial 
■leaning  since  in  that  sy'stem  has  strong  concentration  dependence.  There- 

fore  a  possible  mistake  in  location  of  Tq  is  a  sm.all  one).  For  proper 
desci iption  and  good  fitting  with  the  experimental  data  obtained,  it  is  necessary 
to  have  a  temperature  dependence  of  the  mixing  energy  parameters  A  and  E.  As 
in  the  case  of  Ti-Mo  system,  it  is  not  possible  to  evaluate  the  temperature 
dependence  of  A  and  B  separately  because  of  lack  of  exact  data  needed  for 
use  of  eq.  (9)  and  (id  over  the  temperature  range.  In  these  conditions,  to 
calculate  the  temperature  dependence  of  (A-B) ,  the  widely  accepted  approximation 

Ct  *  ■*^3  vt  *  ““[i 

1,31,23,32)  w.is  invoked,  that  the  difference  between  Mg  '  and  T^  is  not 

large  i.e,  tliat  the  corresponding  chemical  driving  force  tor  the  martensitic 

transformation  u' 'B  in  tiie  Ti-B  stabilizer  alloys,  Al  is  about  -  (50-60) 

cal/mriJe.  In  the  same  wav,  because  the  strain  energy  associated  with  the 

diii jsioiiless  p-nc  transformation  is  even  smaller  than  at  B --jj,  tlie  T^  can  be 

taken  from  corrected  data  on  M^^^  [32].  Therefore  bv  use  of  Duwez's  data  on 

s 

temperature  dependence  of  M^  in  Ti-V  alloy.s  [32]  with  the  above  mentioned 
8'*ot  * 

correction  for  AF  ,  the  expression  tor  (A-B)  can  be  obtained  finally  from 
sq  (38)  as  follows: 

(A-B)  =  5180  -  505T  for  Ti-V 

Now,  with  the  knowledge  of  temperature  dependence  of  (A-B) ,  it  is  now  possible 


to  calculate  full  concentration  dependence  of  .  By  substituting  the  temperature 

dependence  of  (A-B)  eq.  38  becomes: 

AF*^^[T,x]  =  (1-x)  (-1050+0. 91T)  +  x(1500+0.8T)  +  x(l-x)  (5190-5,51)  cal/g.atom  (39) 
For  8-hd  transformation  the  free  energy  difference  is  given  by: 

AF^^^  [T,x]  =  (1-x)  (-690+0. 99T)  +  x  +  x[W-B]  (1-x)  cal/g.atom  (40) 

in  the  limit  where  x(l-x)->x 

AF^'*^lT,x]  =  (1-x)  (-690+0. 99T)  +  x  +  W-B]  (41) 

The  highest  vanadium  concentration  observed  for  ditfusionless  transformation 
at  300K  is  25  &t.7,  V  [30,34],  i.e.  =  300  K.  From  AF^”*^^  [T,x]  =  0  in  eq,  (41) 

it  yields  that  at  300K  and  x  =  0,25 

1180  =  AF^"^  W-B  (42) 

[T,x]  =  (1-x)  (-690+0. 99T)  +  118-x  (43) 

Subtraction  of  eq.  39  from  eq.  43  yields: 

[r,x]  =  (1-x) (360+0. 08T)  -  x(320+0.8T)  -  x(l-x) (5180-5 . 5T)  (44) 

The  combination  of  equations  (39),  (43)  and  (44)  describe  the  T^-x  diagrams 
for  the  stable  and  metastable  a,B  and  w  phases  which  occur  in  the  Tl-V  system 
at  atmospheric  pressure,  when  no  diffusion  occurs  under  these  conditions.  This 
expression  does  not  change  practically  Kaufman's  description  of  T-x  phase  diagrams 
oh  Ti-base  alloys  at  higher  temperature.  In  the  same  time  there  is  much 
oatter  accordance  now  between  calculated  data  and  experimental  results  on  the 
pnases  present  upon  quench  and  successive  phase  transformation  under  pressure. 

The  boundaries  are  established  by  the  use  of  conditions  AF^  [T,x]  =  0,  The 
calculated  T^^,x  diagram  for  Tl-V  system  is  presented  in  Fig. 5  where  the  hatched 


area  Is  the  range  of  a  stability  in  this  system. 
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To  calculate  the  Pq-x  diagram,  the  extended  free  energy  equations  are 

1*^  j 

employed  which  include  the  dependence  of  AF  on  temperature,  pressure  and 
concentration. 

The  free  energy  equations  at  the  isothermal  condition  (T=300K)  are 
given  by: 

AF”  [T,P,x1  =  (1-x) (-1050+0. 91T)  +  x( 1500+0. 8T)  +  x(l-x) (5180-5. 5T)  + 

23. 9P  AV^^'^  [P,x]  cal/g.  atom  (45) 

[T,P,x]  =  (1-x)  (-63CF0.99T)  +  1180x  +  23. 9P  [P.x]  (46) 

AF'^’"'^  'T,P,x]  =  (1-x)  (360+0. 08T)  -  x(320f0.8T)  -  x(l-x)  (5)30-5. 5T) 

+  23. 9P  AV*^^’  [P,x]  cal/g,  atom  (47) 

I  3  c  tor  pure  Tx  is  small  we  assume  that 

Since  the  pressure  dependence  of  AV  ^ 

i'^i 

'V  for  the  T1-‘V  system  Is  a  function  of  solute  concentration  only.  The 
e.xperlmt'ntal  data  on  (l=a,li,U))  as  a  function  of  solute  concentration  x  in 
Tl-V  alloys  is  given  by  equations  (31,33).  Substitution  into  equations 
i'45-4‘’)  results  in  equations  which  describe  the  diffusionless  Pq“X  diagram  at 
I  =  300K.  The  pressure  dependence  P^^  on  x  is  given  bv  the  condition 
'-F^  [l-300K,P,x]  =  9.  The  computed  P,,-x  diagram  at  T  =  JCOK  for  the  Ti-V 

system  is  shown  In  Fig.  6  together  witit  the  experimental  results  on  the  stability 
of  different  phases  which  occur  in  this  system  under  high  pressure  (see  next 
sect  ion) , 

3 .  IMiase  transformations  1  u  inetastable  I'l-V  and  Ti-ho  alloy s  induced  by  lilgli 
pressure  treatment 

This  section  presents  the  experimental  results  cn  structural  changes 
in  Ti-V  and  Ti-Mo.  Only  the  metastable  structures  created  by  quencliing  were 
pressurized  and  high  pressure  was  applied  at  room  temperature.  Therefore,  all 
observed  phase  transformations  were  regarded  as  completely  diffusionless.  It 
should  be  noted  that  in  most  of  the  previous  publications,  for  example,  [35-37], 
the  phase  transformations  In  metastable  Tl-alloys  were  dif fuslon-controllt J . 


The  choice  of  the  alloys'  concentration  was  done  in  such  a  way 
that  all  the  main  as-quenched  structures  in  Ti  alloys,  i.e.  a',  a'-ho+B,  B+-‘> 
and  t'  could  be  investigated. 

3.1.  Experimental  procedure 

a)  Sample  preparation 

The  alloys  were  arc  melted  from  titanium  (>99.9  wt.%  analytical  purity) 
with  V  or  Mo  (both  spectroscopical  purity)  on  water-cooled  cold  hearth  and 
remelted  5  times  to  insure  homogeneity.  A  protective  atmosphere  of  purified 
argon  and  a  titanium  getter  was  used.  The  weight  changes,  after  meltipg,  were 
small  (  <  0.1%)  and  the  composition  of  the  alloys  was  calculated  from  the 
weight  of  components.  The  resultant  Ingots  were  cut  into  plates  which  were 
cold  rolled  to  foils  of  100-120  ym  thickness.  The  specimens  for  structural 
studies  were  annealed  3h  at  llOO^C  in  a  furnace  with  a  dynamic  vacuum,  better 
chan  2.10  ^  torr  and  then  quenched  under  vacuum  into  DC  704  diffusion  pump  fluid. 
The  composition  of  the  samples  of  the  alloys  is  shown  in  Tables  1  and  2  together 
wlrn  the  lattice  parameters  and  the  phase  content. 

b)  High  pressure  treatment 

The  high  pressure  treatment  was  carried  out  on  a  single  stage  apparatus 
with  a  solid-medium  ceil  providing  the  minimal  deviation  (1-2%)  from  uniformity. 
The  pressure  mediums  were  graphite  and  AgCl.  The  pressure  inside,  a  pyrophilite 
rell  was  calibrated  by  tracing  the  phase  transitions  of  Bil-bill  (2.. 54  GPa)  , 
Bal-Ball  (5.5  GPa),  BlIIl-BlV  (7.bU  GPa)  and  Snl-Snll  (b.2  GPa).  The  samples, 
in  the  shape  of  disks,  were  placed  inside  a  cell.  Pressure  was  increased  at 
a  race  less  than  1  MPa/mln  up  to  a  specified  value.  This  pressure  was  maintained 
for  2  to  24  hours  with  subsequent  releasing  of  pressure  for  1  hour.  After  such 
a  procedure  all  samples  were  subjected  to  structural  analysis. 

k 

The  Mo  and  V  concenttULion  will  be  given  in  atomic  percent  throughout. 
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c)  X-ray  and  electron  microscopy  analysis 

X-ray  diffraction  patterns  were  taken  using  a  Phillips  diffractometer 
with  CuKa  radiation  equipped  with  a  bent  single  crystal  graphite  monochromator. 

The  volume  percent  of  w-phase  was  determined  from  the  reJative  integrated 
Intensities  of  a,B  and  u3-ref lections.  The  structure  factors,  Lorentz  polari¬ 
zation  factors  and  unit  cell  size  of  the  <0,6  and  a  phases  were  taken  from  [38-40]. 
It  was  assumed  that  the  temperature  factor  for  3, a  and  a)  phases  was  of  a  similar 
magnitude.  The  error  in  the  volume  fraction  calculation  was  approximately 
i  3  vol.  pet. 

The  electron  microscope  samples  were  electropol ished  at  -40°C  under 
conditions  proposed  by  Blackburn  and  Williams  [41].  The  structures  were  examined 
using  both  JEOL  lOOB  and  JEOL  200B  electron  microscopes  at  100  kv  and  150  kv 
t  espectivel y. 

3.2.  Experimental  results 
a)  Ti-^fo  system 

Ti.3%  Mo 

In  the  as-quenched  state,  X-ray  analysis  reveals  the  existence  of  two 
martensitic  phases:  a'  with  an  hep  structure  and  a"  with  an  orthorhombic  structure 
desriibed  previously  [42-44],  (X-ray  analysis  data  for  all  alloys  is  presented 
in  Table  1).  The  micrograph  in  fig.  7a  illustrates  the  complex  martensitic 
St  I uc tore  of  the  as-quenched  Tl-3  Mo  alloy,  a'  fine  plates  are  seen  In  region  A 
(see  Fig. 7a)  big  plates  of  a.'  martensite  (B)  divide  the  bulk  ot  what  seems  to 
be  a"  martensite.  Retained  8  phase  was  not  detected  after  quenching. 

After  hps  at  ,4.5  GPa  for  3  h  no  significant  changes  in  the  quenched 
structure  could  be  seen  by  TEM  examination  and  on  X-ray  dlEfractograms . 

After  hps  at  7,5  GPa  for  3  h  very  small  particles  of  the  second  phase  were 
observed  with  a  highly  densed  dislocation  network  in  the  a'  martensite  plates 
(see  fig.  7b).  The  experiment  on  measurement  of  sample  resistivity  under 
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high  pressure  showed  a  moderate  but  definite  change  in  the  resistivity  c£ 
the  sample  at  P  -  7.0  CPa,  This  oan  certainly  be  attributed  to  the  onset 
of  .4,  phase  formation. 

After  iips  ar  P ,  J  I'.'.-a  tlie  volume  [ra..tion  .jt  ...  phase  approached 
23%  as  judged  by  \-ray  analysis  The  structure  of  the  soaked  alloy  is 
shown  iti  figs,  7c, d.  The  contrast  of  the  a  particles  appeared  only  under 
certain  diffraction  condit  lon.s .  The  morpholc>gy  of  the  induced  particles 
imaged  in  ttie  dark-field  (fig.  ' )  was  difficult  ic  distinguish. 

Ti-5%  M.: 

in  ti.c  Jo  quenched  st.ate  X-ray  .analysis  (fig.  8a)  and  TEM  (tig.  9a) 
sh.jwed  chat  the  structure  (onsisted  of  the  following  three  phases:  Oc-mart ens ite 
in  li.e  shape  of  small  needles,  ..ad  a  (l-m.acrix  in  wiii..h  very  small  u-  particles 
are  embedded.  The  e’e.tron  d’ftraction  pattern  (.see  tig.  9a)  confirms  the 
presence  of  o  phase  X-!.rv  diffraction  obt.iined  fre.n  bulk  sample  showed  that 
the  type  of  mat  tens  itc  (x")  iri  tliis  alloy  has  an  orthorbombic  structure  as 
If.  was  identified  by  the  pair  of  high  angle  lines  (200)  o"  .ind  (130)  a".  An 
Insutiicient  siii.a  i  '  sepaiaMon  •■.'etween  the  IvW  angle  lines  (110)  .i''  anu  (1020)  a" 
and  \,C2l)  j."  and  (111)  x"  m.ikes  the  .)  !.l  i  erent  rar  ion  I'.ttween  a  hexagonal  and 
.and  oi  i  h.jr  liijmh  1  c  product  mere  dtifif.alt  in  this  case-  )■  ur  rhei  mor  e  ,  electron 
ndi  ros'’,  opv  tx.ominot  i.:n  ;  cfiin  i.'iis  pre\).ared  rioni  tl;e  same  sample  used  for 
X-r.jy  dll  i  i'-jc  r.  ii'n  s)i.ru’.s  .’vidfU.  c  of  a  dl.storrcd  he.rigcael  raa  t  i  eiis  ;  t  c  . 

After  iip.s  at  7.0  OPa  aui  especially  9  0  GPa  the  quant. ity  of  a  and  i' 
phases  lnc:reased  as  determiner,  uy  X-rav  data  (fig.  P..  i  .  Ip.e  structure  of  this 
alloy  subjected  to  hps  7,0  (.Pa  is  -hown  in  tig,  9b  It  ..an  be  ob.servecl  that 
pressure-induced  a-inarten.site  plates  grow  .it  the  expen.->e  of  the  B-rr.atrix 

An  Incre.r.se  of  tips  up  to  9  0  OPa  gave  rise  to  il.c-  eulargetncnf  .0 
c»' -martensite  plates  (.see  fig.  9c).  The  iarg6  a’plates  contain  a  mixture  ot 
1  +  3  (po.ssiblv  as  a  result  of  partial  transformation  of  x'  to  a  +  .- )  ,  as  well 


as  "secondary"  a'  piate*like  regions.  Superimposed  reciprocal  lattice  sections 
of  and  a'  phases  are  seen  in  tlie  difiraction  pattern  and  in  the  corresponding 
indexing  scheme  (see  figs.  9d,e).  This  complex  structure  may  be  the  result 
of  the  similarity  of  the  therrnodvnamic  properties  of  ail  Three  phases  in  this 
particular  alloy.  Therefore,  the  application  of  high  pressure  causes 
successive  stages  in  phase  transformation  development.  This  development  could 
also  proceed  in  a  reverse  direction  during  the  unloading  of  the  sample. 

Tl-li.5%  Mo 

In  the  as-quenched  state  the  X-ray  dif fractograms  (fig.  8b)  showed  no  traces 
of  cj  phase.  On  the  other  hand,  the  TEM  micrograph  exhibited  a  mottled 
contrast,  which  can  be  attributed  to  a  finely  dispersed  phase.  This  dispersive 
pliase  or,  more  correctly,  the  small  zones  which  may  serve  as  precursors  for 
U!  pliase  are  probablv  responsible  for  the  small  degree  of  diffuse  streaking 
observed  on  the  corresponding  diffraction  pattern. 

after  hps  at  9.2  CPa  tiie  quantity  of  induced  phase  was  evaluated  by- 
X-ray  diffraction  analysis  (see  fig.  8b)  as  15  vol.%.  Application  of  pressure 
gave  rise  to  dislocation  network  and  growth  of  the  second  phase  particles.  The 
election  diffraction  pattern  sltows  cJe.n  reflections  of  uj  particles  and 
circular  diffuse  streaks.  Diflrjction  of  distinct  particles  results  in 
appe.rrance  of  clear  to  reflections.  W^lle  the  Increasing  amount  of  tlie-  .  ptiase 
precursors  are  responsible  for  the  marked  diffuse  streaking.  Tlie  dislocation 
network  observed  after  hps  is  due  to  the  increasing  transf ormat ion  strains, 
and  compression  strains  created  b >'  pressurization  of  san  pl es  wi  th  a  structure 
containing  a  mixture  of  anisotropic  phases. 

11-15%  Mo 

In  the  as-quenched  state  the  "athermai"  u  phase  was  easily  imaged  in  the 


extinction  contours  (see  fig.  10a).  This  can  be  explained  by  the  dynamic 
diffraction  conditions  Inside  the  extinction  contours  pro\-iding  the  best 
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contrast  for  very  smaJ 1  coherent  particles,  The  extincticii  countcuts  themselves 
could  be  local  distortions  in  the  (?-mattix  caused  by  the  transformation  strains 
The  electron  diffraction  pattern  shows  a  complex  network  of  diffuse  intensity 
(see  fig.  10b).  The  paired  positions  of  u'  spots  ceiled  t ne  symmetrical 
arrangement  or  the  u  precipitates  to  each  other  relative  to  1110}  plane. 

After  hps  at  9  0  GPa  the  quantity  of  the  phase  increased.  The  grow’n 
phase  particles  appear  togedier  with  a  dlslocatfcn  network  as  is  shown  in 
tig.  10c. 

li  v>i,.h  l.S  to  35X  Me 

Ir.  tire  as-quen.hed  state  the  X-ray  an-alysis  of  aii  these  alleys  revealed  tlie 
fxis  tore 'S.  ot  only  -ne  phase  (identified  as  the  P-p;.ase).  Diffuse  s  attering  was 
observed  vu.  the  electron  diftiacticn  pattern  cf  the  as-quenched  11-18%  Me  alloy 
(see  fig  Hr)  and  paired  Kikudi.i  lines  appeared  on  rlie  electron  diffraction 
pattern  ot  tire  Ti-20%  Me  allov  (see  tig  )!!'■).  It  is  intc-rest  i  no  to  note  that 
r  he  rtmposicicur  of  these  alloys  corresponds  to  tne  roa'clmum  er  i  .fs  miscibility 
gap  ct  the  I'i-No  pliasc.  diagram  14'1  The  etfe-.  c  c'f  diffuse  s.'.at  ter  i  ng  and  paired 
rlikjchi  line-  Is  u'-ua!ly  assigned  to  the  first  .stages  of  spincdal  ner.omp.'sii  ion 
liar  It  Is  (iittirult  CO  suggest  tlar  ;  d-.  h  del  r.mposi  t  i.~n  could  oc' ur  during  the 
quericf,  -f  these  alloys  It  it  mere  dkery  that  the  tormutiou  .it  short 
c  ai.ge  erdere';  r''rics  hue  t  .  i  he  sr.it'..  d  .  ,-,p  t  a "  en.snt  s  .-h-ur!  a' 

’esuited  in  i  he  obcarved  etferts  (qij  No  pen, liar  j.acails  wtre  observed  ici 
at-qi.:Fnc  hed  li-25%  Mo  ail,.n  in  t  .le  ilh'l  n.i.  rogi  jpiis 

After  hps  at  h.3  GTa  tlie  llwl  e.x.aminar  ton  re'ealc-.d  purtr-ies  c  '  a  se-  'nd 
phase  in  alloys  containing  18  t'  23,1  Mo  (see  figs,  liu.d^  Tlie-e  p-tticres 
'nave  an  etltpscidal  shape  c  iia  i  a- t  er  ist  i  ,l  the  ...  p...,.'-;.  (!■..  .<.'er.  naJv-i,- 

ot  the  diffraction  pattern  did  not  allow  thes-  p.!!-!.  jc,-  to  he  iden  i'  red  .is 
piiase.  f’robabiy  the  srru.ture  of  the  pressure  indu  ed  pliase  rs  di.stL'itod 
and  Its  c  rys  t  a  1 1  ographi  c  srru.'ture  is  dilierom  from  the  "c  r.is.sfi  a  1  "  .  phase 


This  distortion  of  uj  phase  can  be  caused  by  its  elastic  interaction  with 


a  B-raatrlx,  possessing  significantly  more  rigidity  In  comparison  with  alloys 
containing  less  Mo.  The  alternative  reason  might  be  the  decrea  e  of  the 
^  phase  svtnmetry  due  to  the  Increase  ot  a  pair  intera..Lion  between  Mo  atoms 

in  these  alloys  with  a  large  amount  of  molybdenum.  f 

\-ray  analysis  in  all  samples  showed  no  trace  of  phase  lines,  and 
the  quantity  of  ..  phase  may  be  evaluated  as  less  than  2  to  Vi. 

(\fter  hps  at  9.0  GPa,  no  change  was  obtained  in  the  X-ray  dittracto- 
giams  which  showed  only  lines  characteristic  of  the  g  phase. 

The  results  of  phase  content  analysis  and  lattice  parameter  determination 
are  suminarized  in  Table  I.  h'ig.3  shews  the  variation  of  molar  volumes  for 
Cl,  i:  and  i'  phases  as  a  function  of  composition.  The  data  ot  X-ray  analysis  are 
in  accordance  with  TEM  observation.  It  shows  that  the  u  phase  remains  in 
substantial  quantity  after  a  high  pressure  release. 

Prom  the  data  presented  in  Table  1,  it  follows  '■hat  the  specific  volume 

I'.  r  1  phase  depends  on  the  molybdenum  content  rneie  than  the  specif  i. 

volume  V‘^  does  tor  6  phase  (see  fig,  3).  Therefore  for  alloys  with  .Mo  5^, 

B  ■*cx  L*  *'y 

spe..iiic  vclume  increment  AV '  becomes  negativie  (AV  '  Ot-  That  means  that 
tl'.e  high  pressure  will  provide  a  driving  force  AVxAP  icr  both  r  ranstormat  ion 

B'  ■*Ia/ 

( '“'.V  ■  0  for  all  concentration  range)  when  M'i  b  i 

b)  I i-V  system 
Tl-21  V,  Ti-6%  V  alloys 

X-rav  analysis  of  the  quenched  Ti-2%  V  and  Ti-6%  P  alloys  indicated  that 
only  hexagonal  a'  martensitic  phase  was  present  and  it  w.-is  confirmed  by 
electron  micro.scopy  (see  Table  TI). 

When  pressurizing  the  samples  at  6.b  CPj  and  9.2  t'.Pa  t.iie  electrical 
reslstlvitv  was  measured.  No  step-like  changes  in  thic  olet  t.tlcal  resistivity 
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Table  L:  The  phase  content  and  lattice  parameters  of  Tt-Mo  alloys  alter  quenching  and  high  pressure  soaking  at 
room  temperature 


according  to  Jamieson 
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were  found  in  tlie  case  of  Ti-2%  V,  but  distinct  change  in  the  slope  of  the 
resistivity-pressure  curve  for  Ti-6  %V  was  observed.  This  fact  was  regarded 
3.-S'  Che  evidence  of  the  lo  phase  formation  in  Ti-6%  alloy  under  high  pressure. 

On  the  other  hand  the  extensive  examination  by  electron  transmission 
microscopy  (TEM)  failed  to  reveal  the  presence  of  the  to  phase  in  11-6%  V 
specimens  after  a  high  pressure  run. 

it  is  possible  that  the  pressure  formed  cu-phase  was  destroyed  and  trans¬ 
formed  back  to  a'  martensite  after  releasing  the  pressure.  Only  martensitic 
plates  of  titanium  a.'  -  martensite  with  acicular  morphology  were  observed 
dig.  12)  . 

Ti-li)%  V  alloy 

a'  -  martensite,  S-phase  and  athermal  uO-phase  were  found  in  quenched 
specimens  by  means  of  an  X-ray  technique.  Electron  micrography  taken  : rom  these 
spe.Timens  show  a'  martensitic  plates  in  |S  matrix  and  very  fine  thin  a.  plates 
inside  an  a'  martensitic  plate.  Fig,  13a  represents  the  morphology  of  these 
chin  :u  plates  in  the  dark  field  taken  from  the  to-ref lection.  Corresponding 
electron  diffraction  pattern  and  its  schematic,  representation  are  given  in 
* '1  g  i  3c  and  fig.  13d.  The  ana’ysi.s  of  this  electron  ditfraction  pattern  shows 
vfiac  the  orientation  relations  cf  a'  and  uJ  plates  to  the  6  phase  are  consistent 
with  those  usually  observed  for  and  6*u.'  transformation  [46].  Small 
ellipsoidal  >)  particles  were  also  observed  in  3  matrix  and  the  well  known 
x/h  orientation  relationships  [46],  were  confirmed.  It  should  be  pointed  out 
that  it  is  not  clear  whether  the  .u  particles  observed  in  a'  martensitic  plate 
are  the  result  of  direct  a-'a'  transition  or  whether  both  *a'  and  trans¬ 

formations  have  taken  place  simultaneously. 

After  high  pressure  soaking  at  9.2  c;Pa  the  amount  of  the  x-phase 


Increased  as  It  was  found  by  X-ray  technique. 
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The  TEM  analysis  shov;ed  that  high  pressure  treatment  results  in  the 
L  liange  of  the  w  morphology  together  with  the  additional  growth  of  the 
individual  in  -  particles.  In  fig.  13b  the  dark  field  electron  micrograph 
shows  the  lO  particles  in  ex' plate  after  pressurizing  the  specimen.  Thin  plates 
ot  the  uL)  particles,  which  were  observed  before  pressurizing  (fig. 13a)  were 
(oand  to  have  grown  after  high  pressure  treatment.  Tlie  particles  also 
became  more  rounded  and  elliptical  in  shape  (fig. 13b)  in  comparison  with 
ilu'ir  original  plate  form. 

Ti  li%  \'  -illoy 

I'ig.  14n  shows  the  morphology  of  as-quenched  Ti-)4%  V  alloy.  Very  fine 
1.,  needles  in  the  [l-matrix  (marked  bv  arrows)  appear  in  the  bright  field, 
ib.e  Inset  in  fig. 14a  shows  the  dark  field  image  of  the  w  particles  in  as- 
ip;en'  Ted  specimen. 

Fig.  14b  repres'ents  the  morphology  of  the  sample  which  was  subjected  to 
9  i;Pn  pressure;  two  effects,  which  follow  as  a  result  of  high  pressure  treat- 
.I'.'.pt  ,  can  he  pointed  out. 

a)  The  growth  of  Cv'  needles  (see  a'  needles  in  fig. 14  a  marked  by 
arrows  and  compare  them  to  a’  martensitic  plates  in  fig. 14b). 

b)  The  growth  of  oJ  particles  (see  Inset  in  fig. 14b  which  represents 
the  dark  field  Image  of  the  lo  particles  after  pressurizing  the 
specimen. 

The  magnitication  for  inset  14a  and  14  b  is  the  same). 

An  increase  in  the  amount  of  the  w  phase  in  pressurized  specimen  was 
also  detected  by  X-ray  analysis  (Table  II). 

Ti  18%  V  and  Tl-20%  V  alloy 

The  retained  3  phase  and  the  oi  phase  were  observed  in  the  as-quenched 
specimens.  The  formation  of  u'  phase  was  suppressed.  Dark  field  TFl’I  micro¬ 
graph  taken  from  the  u-ref lection  shows  the  elongated  ellip.soidal  .shape  of 
%  particles  (see  Inset  "a"  in  fig. (15). 
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The  hign  pressure  treatment  at  P=7.5  GPa  Increases  the  amount  o£  the 
phase  and  also  effects  its  morphology.  The  ellipsoidal  shape  of  the  as- 
quenched  Lt’  is  changed  and  tends  to  he  cuboidal  after  pressurizing.  Inset  "b" 
in  fig, 15  represents  the  dark,  ticid  image  of  pressurized  specimen.  Seme  of 
tiie  u.'  particles  which  liave  approximately  cuboidal  shape  are  marked  by  arrows. 

Higii  pressure  treatment  also  results  in  the  appearance  of  a’  martensite  wliich  is 
indu.ed  ..n  tf'.e  3  metastable  matrix.  Bright  field  image  of  the  pressure  induced 
■>'  martensitic  plates  is  presented  in  fig, 15.  Habit  plane  of  pressure  induced 
'  marten.^ite  was  found  to  be  c(334)  type  (actually  19,7,14  f)  wliich  is  compatible 
wi'h  the  results  of  Wood  125j  for  the  habit  plane  (9,7,12}  for  del  orr.iation 
tn.iuced  a'  martensite  in  Ti-Mo  alloy 

Ti-30  and  11-35!' 

Figs.  Ifea  and  Ibb  show  a  selected  area  ditfraction  pattern  with  zone  axis 
1310).,  ol'tained  from  a  Tl-30%  V  queni  hed  alloy  and  a  Ti-30%  V  pressurized  alley 
tesper t i\ ely .  In  fig.lba  the  diffuse  scattering  is  faict  whilst  fig. ibb  exhibits 
■ntenst.e  diftuse  streaking  wb.ich  could  be  ascribed  to  a  .-like  tormation  caused 
by  high-piTssure  rreacnent  (Slit-ilar  diffuse  .intensitv  paireins  ter  as-quenched 
T1  and  Zr-".'iscd  oMoys  wci  e  observed  bv  Williams  et  al  (48]  and  by  Sass  :49  !. 

An  a  i  y  i  .s 

Fig  1  <’  shows  rhe  X-ray  d  i  ft  t  ac  c  ograms  of  some  3s-quc-n:hed  all..ys  and 
alLoy.s  rh.ai  wore  iuittsllv  cpienched  and  then  pressi,.' i  zed .  liie  re.sulis  of  phase 
icnteni  aiu.l^sfs  and  lattice  '.trame  ter.s  det  erir  inat  ion  are  si.mmia  r  i  z  c-d  in 
laiiJe  iJ  Fig.  3b  si'.ows  the  vuilation  of  molar  volumes  frr  alph.i,  beta  and  omega 
as  i  fijn^ticn  of  composition  Tiv?  data  of  X-r.<y  .-inalysis  ore  in  accordance  with 
TEM  I  hservatlon  for  IT  with  6-201.  V  allovs  and  indicate  that  the  .  phase  tematn.s 
in  substantial  quantity  after  higli  pressure  relea.st.  In  our  experiments 
pressure  was  not  sc  high  as  to  cause  lOOX  omega  transition  Be^idec,  tlu  reverse. 
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transformation  to  the  parent  phase  could  partially  take  place  during  the 
pressure  release.  Thus  the  maximum  amount  of  w  of  about  -  57  vol.%  was 
obtained  (for  Ti-14%  V  alloy) . 

From  the  data  presented  in  Table  11,  it  follows  that  the  specific  volume 
for  a  phase  depends  on  vanadium  content  more  than  the  specific  volume 
does  tor  £-phase  (see  fig. 5).  The  axial  ratio  for  the  ‘m  phase  increases 

with  the  Increase  of  vanadium  content  but  does  not  remain  constant  as  it  was 
’"epoited  in  [37],  (It  should  be  pointed  out  that  our  results  were  obtained  for 
t  h-.  case  wlien  tlie  phase  was  fcnned  by  high  pressure  diffusionless  treatment, 

lius,  the  composition  of  the  tj  phase  depends  only  on  composition  of  the  original 
jiloy  and  is  not  influenced  by  the  diffusion  process)-, 

The  increrise  of  C  '^/a  with  the  increased  vanadium  content  can  indicate 
0  o 

th.e  weakening  of  atomic  bonds  in  the  'ji  phase  when  vanadium  concentration  in 
tt.e  'wi  phase  increases.  This  result  Is  an  indirect  evidence  of  the  decrease 
oL  those  parameters  which  characterize  the  a)  lattice  strength  such  as  Debye 
emnerature ,  Voung  modulus  etc..,  with  the  Increase  of  vanadium  content. 

Anjttief  important  result  is  tliat  specific  volume  increment  AV’  is 
ucgatrwe  (.'.V‘'  "'-0)  w!\en  vanadium  content  is  mere  th.<in  151,  Iheref.are  high, 
pressure  wall  provide  driving  force  for  both  3'*Oi  and  3 ’w  transformations 

f  -V'  '0  for  all  concentration  range). 

J  J .  D tscussion 

J.3.1  fhe  sequence  of  dif  f  u.sicaless  transformation  in  1 1 -Mo  and 
Ti-V  alloys. 

The  experimental  results  can  be  readily  explained  when  we  consider  the 
.alcuiated  diagrams  T-X  and  F-X  (see  figs.  1,4, 5, 6).  Wtie.n  the  alloy  content 

IS  0-31  Mo  or  0.8%  V  the  lines  of  the  free  energy  equilibrium  T^^  and 

3  -.J 

on  T-X  diagrams  are  far  from  each  other.  fhereli-re,  during  quenciiing 
from  6  region  th.e  alloy  fir.st  undergoes  transformation  p -n '  at  the  temperature 


8"*to 

j;reater  than  .  The  fi  phase  is  completely  transformed  to  ct'  phase  before 

ihe  line  is  reached  during  cooling.  Thus  only  the  ot'  phase  is  observed 

in  0-3%  Mo  or  0r8%  V  regions  upon  quencViing. 

Applying  high  pressure  at  SOQ-K  to  the  as-quenched  structure  (a'  martensite) 
induces  the  transformation  and  after  the  pressure  release  a'+w  mixture 

persists  by  virtue  of  a'-nij  transformation  hysteresis.  During  our  experiments  we 
could  not  observe  in  situ  how  far  the  process  a'-nj  develops  and  neither  could  we 
Gstimate  which  fraction  of  the  high  pressure  induced  tj  remains  at  P=1  atm. 

The  sequence  of  transformations  in  metastable  Ti-0-3%  Mo  or  Tl-0-8%  V  alloy 
is  as-?  follows: 


Quench' 


Qi'(0) 


Pressure^ 


a'  (B)  +tj(a') 


The  symbols  in  brackets  indicate  phases  from  which  the  obtained  structures  origin¬ 
ate, 

Ail' 

In  the  alloys  with  4-10%  Mo  and  8-14%  V  the  curves  Tq  ,  '  an4 

(and  the  corresponding  martensite  start  temperature  lines  are  in 

near  vicinity  from  one  another.  (The  small  distance  between  T^  and  Mg' 
lines  is  the  consequence  of  a  moderate  value  of  the  activation  energy  for  Snx' 
ind  transformation  in  Ti-V  and  Ti-Mo  systems.  Ther^^fore  for  4-10%  Mo 

'b-l-/,  V)  concentrations,  the  quenched  fi  phase  is  not  transformed  to  a'  phase 
iKnc,  since  the  and  3 'vu  transformations  are  also  expected  to  occur.  Thus 

t'.i'  is-c'uenched  structure  consists  of  6  matrix  with  to  particles  and  a'  needles 
Which  contain  fine  and  regularly  ai tanged  ca  plates.  It  is  not  cluar  as  yet 
whether  the  uj  plates  observed  In  a'  needles  in  Tl-V  alloy  (see  fig. 13a)  are 
a '-or fginated.  We  need  further  experimental  research  to  answer  this  question. 

When  high  pressure  is  applied,  the  a'  and  w  phase  grow  at  the  expense 
of  3  phase.  In  Tl-V  alloys  the  x  phase  morphology  changes  after  pressurizing 


and  x  particles  become  more  rounded. 
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Ihe  diffusionless  reacLions  for  4-10%  Mo  (8-14''  V)  concentration  range  can 
be  described  as  follows: 

ci'(S)+co(a')+a:(ri)  +  B  ^ 

retained 

■V.,  it  follows  from  calculations  of  free  energy  changes  for  these  transformations  (Sec  2) 
tl.e  pressure  of  about  20-30  GPa  is  necessary  in  order  to  complete  and/or 

P transformation  in  this  concent  ration  range.  Besides,  the  higher  the  molybdenum 
(vinadium)  >:or)rent  the  greater  must  be  the  pressure  and  (see  Fig. 4, 6). 

I'll  r  b.e  'ther  hand  the  phase  hvsteresis  does  not  considerably  depend  on  tne  value 
[  'li-  Therefore,  it  should  be  expected  that  upon  releasing  the  pressure  reverse 
■  1  an  '  ii-crttiun  in  alloys  with  higlier  vanadium  i  ontent  will  start  at  higher  pressures 
t  onstquent  1 V ,  ,i  smaller  amminr  oi  t  iie  pressure  induced  iihase  will  remain  after 
urJoading.  It  was  tliis  tact  that  was  experimentally  oLserved. 

‘•'f.r  alloys  with  mo  i  yudonum  content  less  than  15'c  (V  «■  25;')  but  mote  than 
1 1 "  Pec  t  tan.s:  ormac  ion  is  o'bservcd  upon  quenclung.  Ir  is  In  agreement  with  the 
dijgramr.  in  I'lg.ljj,  whcne  on|v  T  ‘  curve  will  f.o  c  ro‘ sed  durinc  cooling  from 
■r  ,re  ihe  I'ormatiC'n  of  the  ..-pl.ase  will  'ce  enh.nis  ed  b"  I'igh  pre-isuie  os  loLlows 
licit,  tl’-l.)  part  of  I'lg  4,6  Tiie  sequence  of  d  i  f  f  us  )  I'n  1  e.ss  t,  r  in  ^  t  c  r  mat  ions  can 
‘0  dc- sf  r  .!'c  1  as  follows; 


dueru  I' 


(3) 


Pressure 


— ^  D  +  i..  ( ) 


vJhcn  tilt  molybdenum  content  is  more  th.in  15':.  '.’o'  ici  \  )  t  bi  •  phase 
is  well  stabilized  and  it  remains  after  quentiiing.  .is  it  irllc-ws  irem  I'lg.s  y ,  n 
pressu'e  f  'l.at  is  higi;  enoiurh  can  iiromotc-  ;  *.  t  rans i  ornia i  Icn  .\ci'  tding  to 
I  Williams  et  al.  [48,31]  the  8  tran^f  ori;iat  ion  p.to'enls  as  .»n  ordering  ptuctss 
or  linear  displaclve  defects  iu  111  aromK  rows.  Infri.allv  the  shoit  r-.mge 
lOrrelated  displacements  appear  and  result  ir.  the  c  li-irac  ter  ii  t  1,  ditiuse  streaking 
Wfien  driving  forces  for  pliase  transformation  Im  rease  turther  due  to 

I  'oling  ('t  to  the  increase  of  pressure,  the  long  range  <orrelated  d  i'-pl  ac  e-.aent  s 


appear,  the  final  phase  is  created  and  the  diifuse  effects  get  transformed 
Into  well-resolved  u'  diffraction  patterns.  This  was  shown  during  cooling  for 
li-Fe  and  Ti-Mo  alloys  in  ( 3^^  I  ,  After  iilgh  pressure  application  this  effect 
is  olisetved  by  us  in  alley  fi-15  Mo.  i  in  more  detail  the.  ciiftuse  scattering 
will  be  discussed  in  Sec. 5-1. 2), 

).  >  2  On  changes  in  phase  morphology  in  ft-V  alloys  after  big!) 
pressure  applLcatic-n 

As  we  hate  :ilieady  pointed  out  the  high.  pressu''e  treatment  of  the  Ti-V 
.ilioys  sub.^t  ant  ia  1 1'  liif  luences  the  mor  pl.olcgv  of  the  uj  ^haso.  In  all  investi¬ 
gated  ullcvs  tij,?  u..  pirti<.l8.-=  become  more  rounded  after  applying  liigh  pres.sure. 

Iho  ittages  o*  tne  .i-  particles  in  our  elocrrrn  mic r^ 'graphs  are  net  sharp,  and  it 
T..iy  !ie  .cnb’.dP'  id  as  an  eviden.  e  of  coherenry  strains  assccioted  with  the 
.j./matfiv  inter  i  ace  i  32  !  .  Thes  implies  that  the  phase  mcrphclogy  may  be 
'loternitned  by  minimisation  c(  the  total  of  the  surtace  and  strain  energy.  William,*: 
.itid  kburn  iSl,  3',  36  j  have  suggested  Chat  the  v  particle  mc'r phoiogy  can 
renteJ  to  the  mi.siit  ijot''ee:i  the  rattr'ie  and  matri.v  i,irti..i:  In  l}i'-'.*'e  systems 

where  tiie  inistir  i,.,  high  '  i  0  pet/  'Ii-V,  Ti  i'e ,  Ti-t>)  the  parti,  le  shape  is 
ceiernnned  ly  M,e.  mi  n  imrsar  i,  n  c:  '  iu-  sc-jios  in  the  ni.i'>ix  in  lew'  mi. ..‘if 

-'■.--[.m's  il'i-Mi,  i'l-Nn)  tV.e  p.ar'.icie  siutpc  is,  vi'' verned  b'  the  m  i  o ;  misa  t  ion  of  tiie 
..irfai.e  eneito'  In  i!ic  ptc:,/.>tr.  study  the  r.liange:-  n.  lit-  .  -t..' r  i>Uo  j  c  gv  '..mnot 
If  .i.ss'.’c  1  t  to'l  wit'i  the  misiil  changes.  The  c  citun  ess  i  ona  1  .  nangos  cf  the  Kittice 
n;,T  r ind  '  climes  ot  hot  ii  the  piiisPiand  :  i-n.i  1 1  im  are  ipin  o  c  ima  t  c;  1  y  tlio 

.-lime,  there'  re  t  ho  ciiarigis  in  v,ilue.s  due  to  tic  ’..tti'C  parame'er  shi't 

nic'iucfcd  bv  pre.ssij r  1v ing  are  ptactlcally  negl  igibe  B?'-  'd(?s,  the  p'essure 
Induced  growth  of  the  .  parilcics-  Is.  not  av  compan  isd  bv  '■mipoi-it  ion  ihange... 

Thus  in  hfgli  pressure  c-xper  iri.ent  s  tl’.e  inisfit  <  annot  be  i’l'.luenced  bv  tiie 
composition  variation  On  the  ■'liur  tianj,  we  m.iy  assume  that  the  s. triace 
eneigv  term  latel  with  the  I'.herent  ■■j/matrlx  inter!  u'-  is  ratliet  small 
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in  comparison  with  the  strain  energy  term.  Since  the  degree  of  coiierency  ib' 
not  changed  after  high  pressure  application,  the  strain  energy  term  remains 
predominant . 

The  only  reasonable  cause  which  Influences  the  elastic  energy  of  tiu 
c  particles  in  our  compression  studies  is  the  change  in  the  rigidity  of  the 
matrix.  The  ilgidity  of  the  matrix  increases  after  applying  b.igh  pressure. 

Tims  the  strain  energy  associated  with  the  a/matri::  interface  will  increase, 
it  follows  that  the  particle  whic.h  grows  during  pressurizing  will  tend  to 
.educe  i  1.  s  interface  area.  Thus  more  rounded  shapes  of  the  c  particle  will 
oe  lavmiable  after  pressurizing. 

J  i.l.  Diffuse  scattei ing  etiects 

At  the  present  moment  tlie  diffuse  scattering  effect  is  ascribed  to  a 
short  tinge  order  displacement  ot  short  atomic  rows  [45,56,53].  As  a  result  cif 
.'•jcn  a  displacement  a  short  range  ordered  state  [45]  or  zone  Is  created.  I'hesc 
zones  serve  a.s  tlte  places  where  ■„  phase  evcncuallv  arises  in  its  final  sh.ape 
'hen  fhe  '•  h.ange  from  short  to  long-range  ordered  d  i-spi  nc  ement  takes  place 
■  nier  an  increasing  driving  f.''ri.e.  In  die  same  sequence  die  diffuse  streaking 
IS  dianged  to  sharp  ..  ref  lections 

'the  following  pictcre  ran  be  seen  by  summarizinp  tlie  e  exjier  iment  a  1 

d  a : 

a.)  Diffuse  scattctlng  was  nor  observed  tor  alleys  c  ent  a  lain:;  ..'-piiase 
in  tile  as-quen.',' bed  state  O  to  5  ;u , Mo). 

b)  Diffuse  scattering  occurs  in  as-quenched  pim.se  .illoys  w’idi  higher 
Mo  c  onrentratlon  (II  to  IS  at  a).  An.  Intense  di;  fuse  network  wa.s  observed  in 
die  Ti-15'’<  Mo  alloy  (fig, 10b).,  ijordering  on  liic  region  where  (  is  still 
oh.served  (fig.l), 

c)  After  bps  of  tiie  Ti  alloy.,  with  18  to  257  Mo  a  weak  dlftuse  scattering 
is  oiiserved  together  with  secondary  .c-llke  ref  1  e^  l  ion.s . 


since  the  appearance  of  diffuse  scattering  relates  with  concentration 
we  nay  use  the  results  of  the  phase  diagram  calculation.  The  calculation 
predicts  that  at  300K  the  alloy  with  15X  Mo  has  to  be  out  of  all  the  alloys 
under  study,  nearest  to  the  l3^jj  phase  equilibria  line.  Consequently,  this 
alloy  in  the  as-quenched  state  must  display  maximum  instability  of  the 
t^-matrlx.  In  alloys  with  less  Mo  tlie  Instability  of  the  ?  phase  "discharges" 

Lri  til?  advent  of  the  phase  in  the  course  of  fast  cooling  during  quencliing, 
Ihcfei'ore  those  alloys  might  have  minimal  or  not  at  all  diffuse  scattering. 

In  alloys  with  Mo  >  Id”?  one  'nas  to  observe  diffuse  scattering  decreasing 
with  the  the  amount  of  Mo. 

Tp.e  application  of  high  pre.ssare  to  the.se  alJov-s  ins t antaneou.s  1  y  inrrease.s 
‘he  amount  of  u'  phase  due  to  an  increase  in  the  driving  f(nu.e  for  trans- 

torraatlon,  Simultaneou.sly,  InsLahlllty  of  reglttus  ot  matrix  not  vet  trans¬ 
formed.  grows,  giving  rise  to  an  ordered  displacement  of  atomit  rows  and  appearan 
jf  diffuse  scattering  as  a  precursor  ot  its  .omplete  transititui  tc'  the  cqui- 
'ibiium  :  .irm  .)f  the  u  phase, 

In  the  ca.se  of  Ti  with  V  jO V  according  to  t!it  'Ui  1  ui  a  I  ions  th.,' 

, transformation  snould  be  expected  to  .-tart  .it  tail  I'-  I’ig.h  i  f  i i  c  a  I  pt  t-siuir  .• 

Wei'  resolved  ...  d  i  f  i  ra..’ t  ion  pattern  .sliou'd  be  r.xpecicd;  liowet'o  ,  dostru.  t  •.ui  u 

the  j  pii'ise  begins  during  unloauing,  .-md  onlv  s'lOit -r.og.^e  .  re  i  a  t  ..'d  dispi.i^e- 

:.;cnt'.  remain  -it  1  atm.  giving  rise  te-  verv  intensive  diftu-e  -tieakin,  1  lie 
dif'use  .streaking  fi't  pt  e.s.sc  r  i  /  tfii  specimen  is  mo‘'e  inteus  ive  t  li.iii  ;  hat  !cr 
the  specimen  in  an  as-quenched  roudiiion.  Dfu.s  we  can  coaciudi  tli.it  in  aduiLi..n 
t.j  I'll  :  displacements  caused  bv  quenching  tlie  liig'n  pres  are  treatment 
resuit.s  in  appearance  of  new  .s>u’rt.  r.-mge  correl.ited  d  i  .--p  1  a^  etieiu  s  in  the 
lattice.  These  displacements  are  <erLainlv  st.it  1.  in  natii.e  he  .u- i  ihcv  .it  e 
due  to  tiie  pres.surizlng  and  cannot  be  related  to  changes  in  teng'ei  ai  ure. 
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3.3.4.  The  correlacion  between  the  phase  stability  and  basic 
physical  properties  of  the  Tl-V  and  Tl-Mo  alloys 

Comparison  of  experimental  and  calculated  phase  diagrams,  in  the  Ti-V 

and  ri-Mo  systems  disclose  the  same  features  in  pfiase  stability  and  succession 

of  phases  due  to  alloying  and  application  of  high  pressure.  Pressure  induces 

these  changes  more  efficiently  in  the  fi-Mo  system.  This  seems  natural  since 

both  elements  have  atomic  radii  which  are  smaller  (r,,=1.34)  and  r,,  --1.39  X) 

V  Mo 

O 

t  lar.  that  of  Ti  1.47  A)  while  both  of  their  valencv  electron  concent- 

t  itions  are  larger.  Alloying  Ti  with  V  and  Mo  could  be  considered  as  analogous  to 
.toplying  high  pressure,  since  both  diminish  the  mean  atomic  volume  and  Increase 
the  valence  electron  concentration,  n,  .  This  point  of  view  has  been  presented 
oauv  limes  (recently  In  [57]  in  an  attempt  to  explain  phti^e  transi ormauions  as 
stemmin;’  ''rom  changes  In  el  ectroa-to-atoraic  ratio  or  d-band  cvn  upanev 
e  !  O'"  L  ronegati'/it  y ,  etc.  These  physical  modt.ls  are  qualitative  .sin.:e  ttiev 
•ani’..t  take  into  account  changes  in  lattice  vibration  parameti^rs  and  eloc.tron- 
,'  !■  n  '  c  interaction  caused  bv  changes  in  composition  .and  pre;rsuie.  Thus,  it  is 
;  mp  . i  1  !  e  to  change  .\N^  of  t  •  ans  L ;  ion  r.iet.ri  by  alloving  bv  ,.n  amoint  whi.’.  is 
c'l  1 1 1  va  i  ent  t.i  that  induced  bv  pressur  izatic.n  wiLliout  altering  the  average  weight 
'  I  he  .itc'ni!.  in  the  lattice  and,  as  a  lonsequenca,  sul.'^  t  .int  i.i  1  1  v  ci.an'.’O  lattice 
iioporties  and  elec  tron-plic-non  interac  t  ioi.s .  In  the  pirseut  .  .ase  'ae  li.t.-'  to  add 

■  wi.  e  .IS  much  V  to  titanium  than  Me';  to  ('htain  toe  sai.ie  increase  in  the  number  ol 

■  ! -e  i  c".  f.  r<.  n.s  ,  However  due  to  the  gic-.t  difference  in  atcmii  ciijl.ts  iV  =  5(,) .  P  < , 
Mc.^ia.'‘4)  this  immediately  creates  a  strong  ditferen.  t  in  li-"  and  li-Mo 

■  ULiie  dvnamics.  For  tfiese  reasons  it  is  difliculL  to  i'redi.  i  quant  i !  .i  t  ive  1  y 
■be  heli.ivior  of  transition  metals  allovs  from  first  print  ipies,  while  the 

I  berm  ;dyn.amlc  approach  can  be  applied  successful  Iv.  An  the  other  h.nni, 
est  ,i!)  1  1  shment  of  correlations  between  phase  stability  and  basic  pitvsical 
It  -nertles  (Debve  temperature  0^,  electronic  specific  heat  't'elliclent  , 
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critical  superconducting  tcir.perututc ,  I  ,  ct.  >  (.an  tie  1  p  ta'.i  11,1:1/..-  -he 
source  of  phase  stability  unde'  .T.ur.e  '.Midiiiins 

A  C-Oinplete  set  o!  phv.  ici'.  data  '^r  li-ii  ,inu  ti-l  ^  s  t  in  5 

obtained,  by  (.ciiing,-  't  1 .  1.  '.ew  .ivai.irle  .is  i..wn  1  .  ’  rt.  s 

instructive  to  examine  tbA'  ti'cnd-  ci'.-crved  w  i-.-n  Ti  1  ;>  i:iv;vea  M,  ei 

andi  coitp.ire  :  tie  rc.-ults  wirii  or  es  ~i  ,r  1 1 -i '  1 -■n  a  '  cc  -  *  ^ •.  ;Ileta^taLie 

state 

in  tt".  nbj't  d’agram  legl  -n..  w  1 1 1'  ti-V'  ’t  ,  .,.1  fi-H'.V,  ‘  ' lU  i  1  : 1’ei  •..pcTi 
iier .  ' .  L n,'  ..nu  tt.e  >  ptui;  e  iti-c  ,.  und'.  i  j:rt.3^oi  i''  jI  'c'P  A-  '.tie  >.i'  ccn  .'-'n- 
■  •  '  t  )  n  !  1  1  1“  the  t  ie  1  ■  --SO'  I :  e  , '  - 1-  .u  -  s  i  ■  t  ‘iC  ; ,  r  ■  - 1 -  u-  ph  1  '-i 


1'  4  .ji;"  lince  '  iias  lara.et  ''iinati  I'll  ep.'.i.M’'-  tela-  1  v,-  t‘ 
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■  b  5  at. if  Mo  (u-rS'i  and  Ti  -  15,3  at  .  i  Mo  alleys  The  ressits  vet.,  c  v  p  i i ’s,,; 
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.•i.-'.-ar'  ,e;l,  Jo  s  ,  r  i  b  od  in  3  flie  crass  head  speacl,'  '.scd  were  i-  -  '-n.  min 
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*  (  on>.  !  us  ions 

The  metastabie  T-C  and  I'-P  phase  diagrams  at  I'i-Mo  and  Ti-V  allj\s 

ralculated  using  Kautman's  regular  soLuiion  ap,)r')a>:i  and  'the  u'<per  imeni  al 

..lata  obtained  in  t  lie  present  wrk.  Tue  ;a.l..uiaied  phase  cii  igi  arii:  are  in 
satlstartory  agreement  wirli  the  structural  data  obtained.  These  give 
Oii.S-i  lusctii'  directory  for  predittion  of  phases  appearan.  e.M ' '.-appearance  under 
changing  temperature  and  pres.nin'o  conditions 

I'  Ir  inetastable  Ti-Mo  and  Ti-V  alloys  considerable  amounts  of  rlie  ..  phase 

ill  i>e  formed  at  elevated  pressure.-:,  .and  remain  at  a tmo.s;. 'nor  ii.  p/'c-sr.ure ,  The 
and  '3  •  o  '  high  pressure  t  r  a.us  it  ion-  were  cbser'.ed  iir.-:  in  TT-bssed  alloys 
1  ■  .0  new  crystal  stru'  teres,  whn'h  aave  not  *-.een  obtained  at'ei  .oncentional 

treatment,  v.ere  produced  bv  liteii  pressure  applicatj.on  ar  jOOK  The  .sfbst.ant  ial 

changes  if:  ..  pliese  morphology  occur  in  fi-V  aliovs  being  suiijected  '.o  iitglr 
pressure.: 

3  I  The  effect  of  high  'pressure  was  c.cmpe re  !  triilr  the  inliae'i  c  'C  i  ;■  I  i  , 

.  tn 'c  nt  rat  ion  on  matastable  d  t u.s  t  ml  es.s  equilibria  in  1  i-Mc  and  Ti-V  s.'s’em^ 
.■\.5  fn.c  .ontent  .f  >'o/''  i  n.cca.-^c.s ,  rl,e  pressurizing  and  alloving  ettect-  start 
.1  ting  ,n  ooposite  dire-tions;  p.-es.sur  .r  irg,  in  contr.vs.f  t rii.  tng,  leiu-.c- 
i  .e  .iril'rv  and  stimulates  tiu-  -•<'  .and  i- •  trap,-'  rm.i .  i.on . 

.1  K  ..  '  !  :■ 

lie  autiiors  wi-rh  t -o  e'<P''-t.-:  t.'oii'  deep  c.raltt.mc  to  !'■■:  I  1;  id,  .n, 

hr  '  KeiidalL,  C  Honi.in  an.,!  •  renhe  !  f  Hennet  beapi.n  i  ,m  v  i  W.ilei  .'liet 

Ai.-enal  lot  their  enc  Ciiragement  ,  .-^upirorr  .-,;id  w.sim  iio-^p  1 1  .i  1  : v  iiuring  tl.c 
[It  o  jec  t  . 

lo  Dr,  R.  Weiss,  wh.o  helped  ii.?  to  esr.iblisu  r-."-:.n.ii  ■  at  .i  '-ith 
the  European  Office  of  tire  US.i  .'irmv;  and  tc  Dr  1;  '..oat  t ; ,  no  ti,o  \rr.. 

Resentch.  Office  in  Europe  fiir  hi.-;  supp'-rt  .ind'warti.  re  up;  i'-n  in  i  ...nd.n 
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Appendix  1 

THE  STRUCTURAi.  STABILITY  AN'D  SUPERCONDUCTIVITY 
OF  ri-Mg  ALLOYS  UWUER  PRESSURE* 

The  Influence  of  hvdroatatlc  pressure  on  the  transition  temperature  to 

superconductivity  was  studied  on  Tl-Mo  alloys  with  3-35  at%  Mo  up  to  about 

9  5  GPa,  The  pressure  eifecc  on  is  positive,  l,e.  T  increases  under 

pressure  The  effect  becomes  smalier  with  increasing  Me  concentration  and 

vanisl;es  tor  Tl,-Mo^.,  The  results  can  be  enderstood  by  the  increasing 
oO  jO  ■  ^ 

instability  of  the  metastable  alloys  under  pressure. 

I  !  Dtrod ijc  t  ion 

in  the  past  the  high  pressure  behavlni;r  of  ,  the  transition  terriperat ure 
to  superconductivity,  has  been  studied  tor  several  transition  metal  alloys 
All  the  investigated  alloys  (li-V,  V-Cr,  Zr-Nb,  Nb-Mo,  Ht-Ta,  la-W) [ 72 , 73 , 74 ] 
were  ,.onttniious  solid  .solutions  between  neighbouring  elements  in  the  bcc- 
.srru.;ture  (b-phase  structure). 

(..'(jnsider  ing  the  change  oi  due  to  alloying  or  t''  applying  iwgii  p'c-tsut  e. 

a  cotreluticn  was  found  between  >  nanees  in  T  and  chanees  of  ii-.o  eiuutrcn  de.. 

c 

u  f.  stacac  at  the  Fermi-l  cvtl  nil.  '  '’oi  chase  systems  appiication  c prrssure. 
w-is  c.iways  at  least  qualitatively  equivilenr  to  adding  cle'  crons  r,^  ’.he  -ondufti.n 
t.ond  bv  allcvlng.  Using  this  cortelat  iC'C  it.  vis  pcssihie  tc  predict  •  lu 
sign  cl  the  pressure  effect  dT  .dp  kntwirv  the  data  to-  n'.E  )  and  i  as  funutiens 

C-  r  i, 

or  the  valence  electron  number  in  eaclt  particular  svster.i.  In  all 
mentioned  above  the  pressure  effect  is  po.sitlve.  (dl_  /d])  ■  0)  ii  the  densllv  c'f 

.States  n(E,.)  increases  with  Increasing  n  and  vit.e  \c-rs:i. 

K  ^  V 

•k 

Ibis  part  was  done  in  lUiyslca'  Institute  of  the  Unlve’ it  v  Karlsrune, 

W.  Germany.  A  Rablnkin  took  participance  in  Litis  parr  tcgetlier  with 
H.  Scherev,  D.  Kohnleln  and  W  Buckel  .  Tiie  sample."^  studied  in  Se 


were  used. 


In  this  paoer  the  higt)  pressure  exper  imeur  s  are  ex' ender  to  Ti-Mo  aJJ-jvt, 
li  and  Mo  are  not  neighboring  and  not  even  situated  lii  the  same  rou  ot  the 
Periodic  Table  This  system  was  chosen  ^ince  a  series  at  (aretal  ^^tudiea 
on  Ti-Mo  allo.’s  all  eadv  exists  [75,^6]  and  sin.  e  he  simnles  Vjseo  t.i  tiio 
[ressure  experiments  have  been  estensivelv  characterized  witli  regard  ti;  tlieir 
s  t  rii:  t  ur in  See.  3 . 
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111  the  .is  qiitiuhel  sr..te  an<.!  aft  -r  (.ce.s-uie  ‘leativ.vnl  :■  distn.ssed  in  Sec  i 
Here  only  .a  tew  lesults  s-houid  he  qwi'.e  iiil'?fl'.  ineat  r  c  n>- J  .  At 


s'.ii  !  i  .  1  ent  1  V  iitph  temper.iturts  a  ’  1  il-Nc-..  1  toys  are  .-ingle  pi..i;  c  in...  (  a -[ihase  i 
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Of  course,  some  pressure  variation  from  tiie  center  to  the  periphery 


of  the  cell  always  exists  within  solid  state  cells.  However,  since  the 
transition  curves  under  pressure  have  almost  the  same  sharpness  as  those 
at  normal  pressure  (see  fig.  22a)  one  may  conclude  that  this  pressure  variation 

I 

does  not  very  much  influence  the  result.  ) 

The  electrical  resistances  of  the  alloys  sample  and  the  Pb-manometer 
were  measured  by  the  four  probe  method.  It  has  to  be  mentioned  that  this 
teciinique  is  especially  sensitive  to  areas  with  high  since  a  single 
^uper  cnducting  path  can  short-circuit  the  whole  bamole. 

A  valthrated  Allen-Bradlev  carbon  resistor  was  used  for  measuring  the 
temper  ature . 

All  step-by-step  loadings  of  samples  were  done  only  at  room  temperature. 

This  was  necessary  since  one  knows  from  earlier  experiments  that  lattice 
defects  can  stronglv  influence  1  when  they  are  induced  bv  deformations  at  low 

C 

ti.’raperacures .  However,  these  detects  disappear  almost  completely  by  annealing 
processes  at  room  temperature  [SO). 

1 V  Results  and  discussion 

Tig.  21  gives  tlie  transition  t.emiteratures  of  iir  samples  measured  at 

normal  pressure  (x)  .  i  is  defined  as  the  value  lor  R(l)/i<  0 , 'i  (R  -  residual 

c  n  n 

resistcince).  For  comparison,  the  T^-'alucs  of  ilo  and  ''oiling.-.  I  '3]  are.  also 

r.lorted  versus  the  Mo-concentratlon.  For  c..  ^2  at]  .-amples  o.-hjeu  .somewliat 

Mo  - 

higher  l^-values  than  those  of  [/.5]  determined  In  i  alcv  lineter  .  This  can  be 

easily  explained  by  the  fact  that  resistance  measurements  with  ,i  four  probe 

technique  over-est  imate.s  the  high  T^  areas  witl.in  the  samjile.  A  lather  low 

1  has  been  observed  for  the  Ti  +  3%  Mo  .sample.  Hcw-e''er.  in  ilils  con  enr  rat  i  n 
c 

range  T^  strongly  depends  on  the  cry.stat  structure  and  e.specially  on  the 
volume  fractions  of  a'  and  a". 


Therefore,  somewhac  different  quenching  ucndlticns  -juid  be  ref-poiis  i  b  1  c 
for  the  lower  of  our  Ti  +  3%  tample.  The  transition  curve  of  this  sample 
exliibits  a  distinct  step.  A  small  part  of  tlie  sample  already  becomefc  super¬ 
conducting  at  1.9  K  (marked  by  the  bar  in  !ig.  31). 

In  fig.  22a  the  normalized  resistance  R(T)/K^  ot  a  Ti  +  ] i . 5f  Mti-sample 
at  different  pressures  is  plotted  versus  the  temperature  lire  transition 
temperature  is  increased  by  pressure.  With  the  excepticn  ot  the  transition 
at  l.s  GPa*  the  width  of  the  transition  curves  is  not  very  rau.h  changed  b> 
pressure  proving  the  sufficient  homogeneity  of  the  pressure  witiiin  the  c.eli. 

'■'ig,  22b  shows  the  transition  temperature  ot  tltis  sample  as  a  function  of 
nressure.  The  increase  of  !_  with  pressure  is  aliij.ust  linear  withtr.  the  used 
pressure  range.  This  Linearity  was  observed  (or  all  san:pios. 

In  fig  23  the  pressure  effect  dlnT^/dp  for  the  various  iliovs  i  plotted 
verses  the  Mc-ccncentrat  ion.  Also  tire  valence  electron  to  ati'm  r  tic  i 
given  on  ttp  of  the  drawing. 

The  pressure  effect  dlnT  /dp  is  rather  Large  foi  tl'e  3,  .M.  •allj','.  iiii.s 
alloy  consists  oi  a  ml.cturc  M  i’ -  r.ad  a"-pr  .(Sc 

It  seems  reasonable  to  compare  this  value  witli  the  press^:  e  eliect  't 

pure  Ti  ii;  the  'r-phase.  Brandt  and  Ci.nsturg  [clj  repiUted  'olues  dial  'di> 

-11  ,  -  -1  ! 

tor  Ti  as  high  as  ?.0’10  /Pa,  Cur  value  ct  l^'iO  /i’a  lot  li  '  ^  .'lo 

t  i  f  .c.  sat  isf  ic  tor  i  1  V  to  Ll;is  result.  la  under  ct. aid  ’he  rattier  I'lu',  ptc-si.rc 
effert  one  could  argue  that  the  fo’';nati.'n  ot  the  a-ph.ase  unaer  ].  rt  .-..'.irc 
demonstrates  an  increasing  ten.Jeu  v  of  the  i'  -  -mi r  .a  o  to  !  e-  -'ro  ,ats’  .Me 
under  pressure  and  that  this  increasing  Insrcil  i  .  1 1  v  c.iusc-  an  onlian  eneni  ct  i  . 

For  all  ottier  all.ovs  we  car  assume  that  tlte  tr,in;it;on  l  eniiei  oit  ur  e  ,.1 
normal  pressure  and  at  elevated  pressures  lelongs  to  the  : -pho-c  li:e  prec^uro 
★ 

At  low  pressure  it  is  somewh.if  questionable  whetner  puretc  hv.li  oat  .a  ii 


conditions  could  be  achieved. 


effect  expressed  by  dlnT^/dp  exlilbits  only  small  variation  and  is  positive 

over  the  whole  concentration  range  up  to  35  at.%  Mo  (n^  =  4.7).  The  relevant 

date  are  collected  in  Table  3.  This  result  does  not  agree  with  the  correlation 

between  pressure  and  alloying  found  for  alloys  consisting  of  neigiibcring 

elements  [73,74],  According  to  this  correlation  one  expects  a  negative 

pressure  effect  for  concentration  ranges  where  n(E„)  and  T  decreases  with 

r  C 

increasing  valence  electron  number  n^.  The  Ti-Mo  alloys  apparently  behave 
diffeiently  and  show  a  positive  pressure  effect, 

An  obvious  possible  explanation  of  the  positive  pressure  effect 
IS  cased  on  the  stability  of  P-phase.  In  fact,  the  r'-phasc  I'eroites  less  stable 
unuer  ptessure,  .As  a  result  the  '3-phase  is  transfotmed  to  t'ne  t-phase  which 
I  an  be  detected  by  electron  microscope  analysis,  ai  least  for  ■  >> 

An  irii.  reising  tendency  to  become  unstable  under  high  pressure  enhances  the 
electron-phonon  interaction  and  this  may  also  enhance  T,.  This  esiect 
periiaps  can  outweigh  the  InfU'eace  of  the  change  in  the  electron  system.^-  As 
was  'ils.'ussed  in  Sec. j. 3. 4  the  stability  of  the  P-phasc  inr'oase.s  witli  Me  con- 
ontration.  Thereiore  the  pressure  effect  decreases  .:,nd  at  35  Me  it  is 
a'nW'St  rerc.  At  this  concentration  and  at  pressure  up  to  ]0  epa  the  allo\  is 
l.it  iwav  from  the  critlcai  pressure  for  wiiicb.  tiie  p  •  .  !  ran-'!  ion  st.rits 

(ace  I ig.  4  in  sec.  2).  it  is  not  unlikely  that  an  additional  peak  in  the 
n(f-^,)  curve  can  exl.sL  in  Lhi.s  concentration  range  and  •.  r-u  .il-o  r!  !  •  .  i  on 
din'  dp  despite  tl.e  tact  that  according  to  He  and  Colling-  ii;ei<-  is  .,'niv 
inonotonic  decrease  in  n(fcl|.).  I'p  to  now'  tliiv  l;avn  mea-ojied  it  on  diovs  with 
rarhfr  large  differences  in  concentration. 

Die  tendency  of  the  lattice  to  become  unstable  at  high  pres'uie 
may  also  influence  the  pressure  effect  of  the  sample  consist  ing  ol  c'  an.l 
("-phase.  Here  the  stability  of  the  r'  (Oi")-phases  dec.  re ases  under  pressure. 


S  Imii  1 1  aneoiis  I  V  the  steep  Increase 


in  n(F  )  very 
i' 


like'v  taKes  place  as  a  result 


c'f  a  decrease  in  interatomic  distances. 
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The  pressure  effect  seems  Co  pass  a  flat  minimum  at  about  12  at.%  Mo, 
Since  the  samples  consist  of  o-  and  B-phase  in  this  concentration  range  the 
low  pressure  effect  in  the  sample  with  11.5  at.%  Mo  could  be  due  to  a  special 
structure  of  the  sample  accidentally  achieved.  Howev'er,  the  quant  it v  of 
,;c-phase  is  not  substantial  enough  to  decrease  so  strongly.  Looking  to 
fig.  4  of  Sec.  2,  one  notices  that  tf>e  sample  with  11.5  at.%  Mo  lies  just 
oetween  the  critical  pressures  ^  and  At  present  one  can  onJv  point 

to  this  fact  without  giving  any  further  explanation. 


presence  ot  a  small  amount  ot  ti*e  phase  in 


.ro  »  matt  is 


ut  the 


eur  esper  iments  we  1  .nind  rhat,  in  vomparison  vitp  ile.r:i...ii  1 1  s  i t  i  ■  1 1 
nieasureinentd  or  X-rav  analvsjb,  hisihi  lesoiut  i  -'n  u.u  k-  ■  u  .1  ele.'-i  -a  miaros  .  p;, 
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3.2.  Experimental  Results 

The  characteristic  electron  diifractlon  pattern,  whicn  consists  ct 
L  phase  reflections  imposed  on  reflections  of  the  a  matrix,  appears  in 
annealed  pure  Zt  'chief,  has  eitlrer  cooled  down  :.j  ZOOK  at  1  arm  or  pre-.surized 
at  1.0  nPa.  All  other  samples  whicir  were  subjected  to  higher  pressures  or 
'.v’ere  cooled  to  lower  temperatures  also  demonstrated  ciie  presence  oi  the 
...  phase.  Tire  lower  the  tempetature  or  the  higher  the  pressure  the  larger  was 
tf.t  amount  of  a.  observed  [  84  J  . 

Ilie  L.  pliase  was  also  repealed  in  cold  rolled  specimens, 

['lie  increa-.e  .in  volume  fraction  tne  .  puase  wltii  increasing  driving 
i  n'ct;  IS  asscc  iated  with  an  inrtea.se  in  botir  t'le  par  tic  ie  size  and  number  of 

pa'tlcles.  It  has  to  be  noinred  out  that  tire  r  lias  c.c  i  e;' .i  .st  i  •  iinas  on  X-rav 

dii'f.  ractograms  appear  only  uiien  applied  pressure  e-sceedis  -i ,  5  hpu.  Besides, 
when  iressariiting  a-.Zi  the  slope  of  res  is  t  i'c  i  t  *.  curve  change.'^  sui'S  t  ant  i  a  ,1 1  y 
only  in  the.  vicinity  of  '.0  ''ll-a  that  is  in  agree.nenr  uitli  do. r  :  oi  [6,29] 

3.3.  D  iscu:.,.=' ion 

On  tire  ba.SiS  of  tlic-  -.nove  mentioned  resul'.-  the  ../irerted  (•ot  ic'w  r.nn.pet 
mure')  1  -'’-eriui  i  ibr  turn  phase  'licwram  ci  tit  or.;..rr.  vcj,-  ■■  c'nsr ;  u'.  t  ed  ‘.okiny  liUo 
ac'.ouo’:  dati  r  rom  .ei  lb,3,83J  (fig-,.N'*).  I'lic-  pcsi''i.ii-  i  i  iii.o 
whi.il  i.s  wlicrt  tne  u-  pf,:,.se  ■:  r  au.sf  ormar  ion  stciits,  and  r  l.c  f  i'u;  ! , 

which  is  wlicre  the  r.iVL'r.-;-.  :  ran;' torir.af  j.c  ■■  starts,  were  i  .-i  .;  in  t  icj  m.r-- 

.orrertly,  On  the  ctfier  li.and  t'r  pcs.i'-ior.s  of  lines  1  j.  '  sou!  wheo'  the 

phase  transtoi  mations  are  complcteo.  were  n'o..e  cliff  moit  to  ucoerminn  ,o.o 
.some  uncertainty  remaint.  ci’ncerning  their  prec  i.se'  po,sitJc'ns.  Tl.is  uncertaimv 
arises  .since  .after  pre:  .-..u  r  j  z  i  ng  at  i’  10  f-P.i  an.!  a-,  oi.o-v  tio.ncit  i n  w.  ■ 

.still  not  completed  and  tlie  lu.ni.iinrng  a  pha.se  'oumi  cle.ir.-.  oh.-c-'ed  in 
the  electron  micro.scope  even  tiiongli  in  i  f.  i  .s  case  X-r...  annlvsi--  milled  t  ' 


detect  the  presence  of  the  :<  piiuse. 


The  main  conclusion  which  can  be  drawn  from  the  coriected  T-P  phase 


diagrams  constructed  in  this  work,  is  that  the  phase  in  pure  Zr  is  a  stable 


phase  at  ambient  pressure  at  temperatures  less  than  ^  200K.  The  corrected 
value  of  dT^”*^/dp  is  equal  to  116K/CPa.  Since  Av'^  -0,180  ura^/nioJ,  L;,e 
entropy  difference  AS^^= -1. 67.J/mcl*K.  From  the  positions  of  the  lines  T^ 
and  I'g  ^  and  taking  into  account  the  value  of  it  is  easy  now  to  evaluate 

the  activation  energy  necessary  to  initiate  the  u-n,j  transformation. 

Thus  for  a  temperature  of  300K  we  obtain; 

‘^*'"act  '  300K  ~  =  223  J/mol  and  the  activation  energy  at 


i  ;icm  AF"  ,  =217  J/mol 

act',!  ntm 

It  ucn  be  seen  that  these,  values  are  practically'  equal  and  rather  small.  The 

C(.  ^tjJ 

small  value  of  confirms  our  suggestion  that  the  a-’...'  lattice  reconstructien 

proceeds  as  an  ordered  displacement  of  close-packed  <1210-'  atomi.c  rows  ever  a 
short  distance  requiring  a  rather  low’  activation  energy.  Such  an  ordering 
process,  by  analogy  with  the  "w*  transformation,  might  occur  r>)rcugh  tvo 
sur  ■- es.'ii''e  s'agas  -  first,  cre.iCion  of  Itnoar  1210-  defec.ts  .I’-id ,  thar.,  their 
periodical  ordering.  Beth  stage.s  must  proceed  through  rtidlvldual  fluctuation 
pro(  esse.s  which  therefore  would  he  rellect.ed  in  the  detailed  isothermal  or 
isouaric  kinetics.  Indeed,  an  increase  in  the  amount  of  c;  phase  witii  time  wa^ 
obierveii  near  room  temperature  .'it  con.-^tant  pcuoure  [6],  We  al.'^o  ot'serv(?d  an 
ini  teaac  in  tire  amount  ot  the  j.'ha.ce  in  ^n  a  matri-;  when  .specimen-^  were  capasea 
at  a  temperature  mi'  77K  at  1  atm. 

/Xnalysis  of  the  data  of  Fisher  et  ai  [27]  on  elast.i;  moduli  behaviour 


!ol  singie  crystai  Zr  at  various  temperature,  shofc's  tliat  a  slight  positive 


deviation  from  linear  dependence  of  moduli  taken  place  below  300K.  tin  th 

oasis  ot  our  r  _al  data  we  may  .suppose  that  the  formation  o'  tbe 

..  phase  is  responsible  for  stich  abnormal  behaviour  of  the  moduli  i',  ,  . 


Analysis  of  the  data  ot  Fisher  et  al  [27J  on  elastic  moduli  behaviour 
for  single  crystal  Zr  at  various  temperatures  shows  that  a  slight  positive 
deviation  from  linear  dependence  of  moduli  C,^  takes  place  below  3Q0K.  i^n  the 
basis  ot  our  experimental  data  we  may  suppose  that  the  formation  of  the 
iu  phase  is  responsible  for  such  abnormal  behaviour  of  the  moduli 

The  appearance  of  the  phase  in  a-Zr  after  cold  rolling  can  also  be 
internreted  in  terms  of  lc  stability  at  room  temperature.  In  these  matertais 
w'here  denser  phases  appear  under  uniform  high  pressure,  both  cold  rolling  and 
compression  Induce  t!ie  same  phases.  The  calculations  show  tliat  tiie  driving 
force  developed  l-v  deformation  is  of  the  s<ame  order  as  driving  force  developed 
Iv  high  pressure.  Therefore  ct.ld  rolling  is  sufficient  to  initiate  the  a—., 
t >  ans i t i on . 

It.  follows  from  our  experimental  results  tnac  the  transf orraation  enthalpy 
is  equal  to  -553  T/mol*,  which  is  rather  .small.  Thus,  the  increase  in  •'ite 
driving  force  fr  •  cooling  at  4K  is  also  small.  Therefotc,  in  .sf  ite  of  tiie 
tact  that  the  activation  energy  is  also  small  ^  =  220  i/moi),  tiiC  trans¬ 

formation  prcce.ss  should  nor  be  .  ompltrc'd  even  alter  such  niarked  rocllng-  Hence 
ti'e  pliase,  while  therinodynamica.l  ly  stable  at  1-10'^  Pa  ami  1  lt>s  than  ,  is 

picseiii  crl;.  'n  small  amounts  even  .after  drat.’.;.'  .oolrng. 

.\t  tiic  present  time  tiie  only  phonerrjenon  vh  i  ■.  h  we  cannrt  vet  explain  is 
that  even  ahien  t  iie  press-.ire  i.s  very  higlr  and  tire  driving  ior-e  ’a  -  :i  5  !  i:::o.c 
greater  than  the  ac.tivati>'n  barrier  the  transform.i*  I'lqs  de  no’^  ■  'ice  to  .  iiri'l-ei  ten 
Hovei'er,  it  is  ’leat  that  the  elastic  energy  harrier  is  not  sa'  ft  .'unt  to 
prevent  the  trans  format  ion  process,  liec.ause  tire  v-jluriie  citanges  wlioa  occur  in 
tire  '  ourse  of  tlie  transformation  are  small. 

We  have  to  mention  in  this  point  that  we  failed  to  observe  in  I FM  tiic  in 


■  -1.67  . 1  / mo  1  K - 


Pg  in  a-Ti  is  substantially  higher  than  that  for  Zr  in  accordance  with 
numerous  literature  data.  Also,  the  titanium  sponge  which  was  used  by  us 
was  not  of  spectroscopical  purity  as  Zr  and  might  be  more  contaminated  by 
minor  impurities  and  that  has  affected  the  o.-’-oj  transformation  kinetic. 
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Tiir  structure  it  Ti-j;!  Mo  Alloy. 
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.structure  in  t  lie  a.s -quenclied  stale.  i’  fine  plates  are  seun  in 
region  (A)  liig,  plates  ol  ('  martensite  (15)  divide  t!ie  hulk  of 
what  seems  to  be  t"  ma r t  eiif;  i  I  e . 
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Fiq.  The  structure  of  Ti-15  at.%  Mo  alloy. 

a)  Dark  field  image  and  b)  the  corresponding  electron 
diffraction  pattern  of  tlie  as-nuenchcd  state  showing 
a  comfilox  network  of  diffuse  intensity.  Z.A.: 
c)  TEM  dark  field  microqrapli  and  electron  diffraction 
patti'rn  after  hi5s  9.0  GPa.  Z.A.:  [012]p.  d)  TliM  liright 

fiel(i  of  tile  sample  after  hps  20  GPa.  The  pressuri'- 
iriduceii  t '  marti^nsite  plates  are  clearly  sliow’n. 
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The  structure  of  Ti-18  at.X  V  alloy,  a)  Dark-field  micrograph 
taken  from  as-quenched  state,  b)  Corresponding  electron 
diffraction  pattern,  c)  Dark-field  micrograph  taken  after 
hps  9.2  GPa.  d)  Corresponding  electron  diffraction  pattern. 
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Fig.  The  structure  of  Ti-20  at.l  V  alloy  after  7.5  GPa. 

a)  Dark  field  micrograph  (Inset:  Magnified  circled  place 
(x4) .  w  phase  particles  in  6-matrix  and  needles  of 
pressure-induced  Oi  phase  are  clearly  seen,  b)  SADP  of  th(^ 
sami'lo  Z. A.  :  [012  1  p,.  A-lo  variants  present:  2-with 
[2116], j  Z.A.  and  2  with  [,2312  Z.A.  which  coincide  wit)i 
/  reflections. 
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